Assay of factors affecting rate of protein biosynthesis in bovine and porcine skeletal muscle by Bjercke, Robert John
Retrospective Theses and Dissertations Iowa State University Capstones, Theses andDissertations
1978
Assay of factors affecting rate of protein
biosynthesis in bovine and porcine skeletal muscle
Robert John Bjercke
Iowa State University
Follow this and additional works at: https://lib.dr.iastate.edu/rtd
Part of the Agriculture Commons
This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University
Digital Repository. It has been accepted for inclusion in Retrospective Theses and Dissertations by an authorized administrator of Iowa State University
Digital Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Bjercke, Robert John, "Assay of factors affecting rate of protein biosynthesis in bovine and porcine skeletal muscle " (1978).
Retrospective Theses and Dissertations. 6371.
https://lib.dr.iastate.edu/rtd/6371
INFORMATION TO USERS 
This was produced from a copy of a document sent to us for microfilming. While the 
most advanced technological means to photograph and reproduce this document 
have been used, the quality is heavily dependent upon the quality of the material 
submitted. 
The following explanation of techniques is provided to help you understand 
markings or notations which may appear on this reproduction. 
1. The sign or "target" for pages apparently lacking from the document 
photographed is "Missing Page(s)". If it was possible to obtain the missing 
page(s) or section, they are spliced into the film along with adjacent pages. 
This may have necessitated cutting through an image and duplicating 
adjacent pages to assure you of complete continuity. 
2. When an image on the film is obliterated with a round black mark it is an 
indication that the film inspector noticed either blurred copy because of 
movement during exposure, or duplicate copy. Unless we meant to delete 
copyrighted materials that should not have been filmed, you will find a 
good image of the page in the adjacent frame. 
3. When a map, drawing or chart, etc., is part of the material being photo­
graphed the photographer has followed a definite method in "sectioning" 
the material. It is customary to begin filming at the upper left hand comer 
of a large sheet and to continue from left to right in equal sections with 
small overlaps. If necessary, sectioning is continued again—beginning 
below the first row and continuing on until complete. 
4. For any illustrations that cannot be reproduced satisfactorily by 
xerography, photographic prints can be purchased at additional cost and 
tipped into your xerographic copy. Requests can be made to our 
Dissertations Customer Services Department. 
5. Some pages in any document may have indistinct print. In all cases we 
have filmed the best available copy. 
Universify 
Microfilms 
International 
300 N. ZEEB ROAD, ANN ARBOR, Ml 48106 
18 BEDFORD ROW, LONDON WCIR 4EJ, ENGLAND 
7  9 0 7 2 3 4  
B J E R C K E ,  % 0 3 E a T  J G H M  
A S S A Y  O F  F A C T O R S  E F F E C T I N G  R A T E  O F  P R O T E I N  
B I O S Y N T H E S I S  I N  B ' J V I M E  A N D  P O R C I N E  S K E L E T A L  
M U S C L E .  
l a W A  S T A T E  U N I V E R S I T Y ,  P H . D . ,  1 9 7 3  
UniversiV 
Micrdnlnns 
International 300 N. 2EEB ROAD. ANN ARBOR. Ml 48106 
Assay of factors affecting rate of protein 
biosynthesis in bovine and porcine skeletal muscle 
A Dissertation Submitted to the 
Graduate Faculty in Partial Fulfillment of 
The Requirements for the Degree of 
DOCTOR OF PHILOSOPHY 
Department: Biochemistry and Biophysics 
Major: Biochemistry 
by 
Robert John Bjercke 
Approved: 
In Charge of Major Work 
Iowa State University 
Ames, Iowa 
1978 
Signature was redacted for privacy.
Signature was redacted for privacy.
Signature was redacted for privacy.
ii 
TABLE OF CONTENTS 
Page 
LIST OF ABBREVIATIONS xiv 
CHAPTER I. INTRODUCTION 1 
CHAPTER II. LITERATURE REVIEW 8 
The Ribosome 9 
The Mechanism of Protein Synthesis 14 
Regulatory Control of Protein Synthesis 26 
Factors Affecting Protein Synthesis in Muscle 36 
CHAPTER III. MATERIALS AND METHODS 52 
Preparative Procedures 53 
Muscle polysomes 53 
Cell-sap enzymes 58 
Chromatogrammed cell-sap enzymes 58 
Dialyzed cell-sap enzymes 60 
The pH5 enzymes 60 
Analytical Procedures 61 
Assay of cell-free protein synthesis by 61 
muscle ribosomes 
Assay of amount of collagen synthesis by 64 
muscle polysomes in cell-free protein 
synthesis 
Aminoacylation of tRNA 65 
Sucrose density-gradient profiles of 66 
polysomes 
SDS-polyacrylamide gel electrophoresis of 66 
proteins 
iii 
Page 
Quantitative determination of protein, 68 
RNA, and glycogen 
Assay of endogenous ribonuclease activity 68 
Electron microscopy 6 8 
CHAPTER IV. RESULTS 70 
Development of a Procedure for Preparing Purified 72 
Polysomes from Mature, Mammalian Muscle 
Effect of glycogen on polysome preparation 73 
Effect of solvent composition and pH on 108 
polysome preparation 
Effect of freezing on polysome preparation 130 
RNA fractionation during polysome preparation 132 
Attempts to increase the amount of 142 
RNA extracted from ruptured cells 
Attempts to increase the yield of 152 
RNA in the 150,000 xgmax microsomal 
pellet 
Attempts to increase the amount of 159 
purified polysomes sedimented through 
a sucrose layer 
RNase activity in different subcellular 173 
fractions 
Development of Procedures Needed to Assay Ability 183 
of Muscle Polysomes to Incorporate Amino Acids 
into TCA-Precipitable Protein in a Cell-Free 
System 
Preparation of cell-sap enzymes 184 
Effect of medium composition on rate of 194 
amino acid incorporation 
Optimizing conditions for amino acid 203 
incorporation into protein 
iv 
Page 
The effect of inhibitors of protein 240 
synthesis on rate of amino acid incorpora­
tion in a cell-free muscle protein synthesis 
system 
Analysis of the kinds of polypeptide chains 244 
produced by a cell-free protein synthesis 
containing skeletal muscle components 
Effect of collagenase on cell-free amino 255 
acid incorporation by polysomes from muscle 
tissue 
Effect of frozen storage on activity of 259 
polysomes and cell-sap enzymes 
Assay of Ability of Polysomes and Cell-Sap 272 
Enzymes Isolated from Different Types of Bovine 
Animals to Support Cell-Free Amino Acid 
Incorporation into Protein 
Normal and "double-muscled" bovine animals 2 73 
Bovine animals differing in age 289 
CHAPTER V. DISCUSSION 297 
CHAPTER VI. SUMMARY 322 
CHAPTER VII. CONCLUSIONS 340 
LITERATURE CITED 347 
ACKNOWLEDGEMENTS 372 
V 
LIST OF FIGURES 
Figure 1, 
Figure 2, 
Figure 3. 
Figure 4. 
Figure 5. 
Figure 6 
Figure 7. 
Figure 8. 
Figure 9. 
Page 
16 
55 
59 
75 
Diagram showing the mechanism of protein 
synthesis in eukaryotic cells 
Flow sheet showing preparation of polysomes 
from porcine and bovine skeletal muscle 
Flow sheet showing preparation of cell-sap 
enzymes from porcine and bovine skeletal 
muscle 
Distribution of subcellular components 
according to their sedimentation coefficient 
and banding density in CsCl 
Density-gradient centrifugation on 15 - 40 83 
percent linear sucrose gradients of purified 
polysomes prepared from bovine longissimus 
dorsi or porcine semitendinosus muscle 
by using Of-amylase treatment of resuspended 
microsomes 
Density-gradient centrifugation on 15 - 40 85 
percent linear sucrose gradients of purified 
polysomes from bovine longissimus dorsi 
muscle obtained 20 min or 2 hr after 
exsanguination 
Density-gradient centrifugation on a 15 - 40 88 
percent linear sucrose gradient of purified 
polysomes from bovine longissimus dorsi after 
treatment with 5 ju g of RNase at 2 C for 5 min 
Electron micrographs of purified polysomes 91 
obtained from porcine semitendinosus and 
bovine longissimus dorsi muscle 
Density-gradient centrifugation on 15 - 40 94 
percent linear sucrose gradients of a-amylase-
treated and untreated postmitochondrial 
supernatant fractions from bovine longissimus 
dorsi muscle 
vi 
Page 
Figure 10. Density-gradient centrifugation on 15 - 40 97 
percent linear sucrose gradients of 
untreated and RNase-treated microsomes 
prepared from bovine longissimus dorsi 
muscle by using ^-amylase treatment of the 
resuspended microsomes before RNase 
incubation 
Figure 11. 
Figure 12. 
Figure 13. 
Figure 14. 
Figure 15. 
Figure 16. 
Ultraviolet absorption spectra of poly­
somes from bovine longissimus dorsi muscle, 
glycogen from rabbit liver, and myosin 
from porcine skeletal muscle 
Density-gradient centrifugation on 15 - 40 
percent linear sucrose gradients of 
purified porcine skeletal myosin 
Density-gradient centrifugation on 15 - 40 
percent linear sucrose gradients of poly­
somes prepared from bovine longissimus 
dorsi muscle when the postmitochondrial 
supernatants were untreated or treated 
with Of-amylase 
Density-gradient centrifugation on a 15-40 
percent linear sucrose gradient of 
purified polysomes prepared from bovine 
longissimus dorsi muscle by using 0.05 
percent DOC (w/v) in the extraction 
buffer 
Density-gradient centrifugation on 15 - 40 
percent linear sucrose gradients showing 
the effects on density-gradient profiles 
of purified polysomes from porcine 
semitendinosus and bovine longissimus dorsi 
muscle of adding myosin or RNase or both 
to the resuspended microsomes before 
sedimentation through a 2M sucrose layer 
Density-gradient centrifugation on a 15-40 
percent linear sucrose gradient of purified 
polysomes from bovine longissimus dorsi 
after treatment with 200 pg of RNase at 
2° C for 5 min 
100 
104 
107 
125 
163 
182 
vii 
Figure 17. 
Figure 18. 
Figure 19. 
Figure 20. 
Figure 21. 
Figure 22. 
Figure 23. 
Figure 24, 
Elution profile of S-339 supernatant from 
a 1.5 X 35 cm Sephadex G-10 column 
Effect of concentration in the incuba­
tion media on rate of amino acid 
incorporation in Tris-buffered or HEPES-
buffered incubation media 
2+ Effect of Mg concentration in the 
incubation media on rate of amino acid 
incorporation in Tris-buffered or HEPES-
buffered incubation media 
Time course of acylation of tRNA^®^ from 
bovine lonqissimus dorsi muscle in the 
presence and absence of rabbit liver 
tRNAleu 
Time course of ^^C-leucine incorporation 
into TCA-precipitable protein in a cell-
free protein synthesis system containing 
polysomes and cell-sap enzymes from 
bovine longissimus dorsi muscle 
Effect of incubation with cell-sap 
enzymes at 37°C in a cell-free protein 
synthesis system on density-gradient 
centrifugation profiles on 15 - 40 percent, 
linear sucrose gradients of purified 
polysomes from bovine longissimus dorsi 
muscle 
Changes in ^^C-leucine content of free 
and polysomal-bound, TCA-precipitable 
peptides in a cell-free protein synthesis 
system containing polysomes and cell-sap 
enzymes from bovine longissimus dorsi 
muscle 
Effect of polysomal protein concentration 
on rate of ^^C-leucine incorporation into 
TCA-precipitable protein in a cell-free 
protein synthesis assay done at three 
different cell-sap enzyme levels 
Page 
187 
197 
200 
206 
213 
216 
220  
225 
viii 
Page 
Figure 25. Effect of cell-sap enzyme concentration 230 
on rate of l^C-leucine incorporation 
into TCA-precipitable protein in a cell-
free protein synthesis assay done at 
six different polysomal protein levels 
Figure 26, 
Figure 27. 
Figure 28. 
Figure 29 
Figure 30. 
Figure 31. 
239 
Effect of pH5 precipitate enzyme 236 
fraction or pH5 supernatant enzyme 
fraction on rate of l^C-leucine 
incorporation into TCA-precipitable 
protein in a cell-free assay 
Effect of adding pH5 precipitate 
enzyme fraction or pH5 supernatant 
enzyme fraction to a cell-free protein 
synthesis system deficient in cell-sap 
enzymes on rate of 14c-leucine 
incorporation into TCA-precipitable 
protein 
Amount of myosin synthesis in a cell- 247 
free protein synthesis system containing 
polysomes and cell-sap enzymes from 
bovine lonqissimus dorsi muscle 
Subunit molecular weights of soluble 251 
polypeptides synthesized in a cell-free 
protein synthesis system containing 
polysomes and cell-sap enzymes from 
bovine lonqissimus dorsi muscle 
Subunit molecular weights of all 254 
polypeptides synthesized in a cell-free 
protein synthesis system containing 
polysomes and cell-sap enzymes from 
bovine lonqissimus dorsi muscle 
Density-gradient centrifugation on a 15 - 266 
40 percent linear sucrose gradient of 
purified polysomes prepared from bovine 
lonqissimus dorsi muscle and stored as a 
3.7 mg polysomal protein/ml suspension 
at 0° C for 20 hr 
ix 
Figure 32. 
Figure 33, 
Figure 34 
Figure 35 
Figure 36 
Density-gradient centrifugation on a 
15 - 40 percent linear sucrose gradient 
of purified bovine muscle polysomes that 
had been frozen as a 1.6 mg polysomal 
protein/ml suspension and stored at 
-29°C for 2 weeks 
Density-gradient centrifugation on a 
15-40 percent linear sucrose gradient 
of purified bovine muscle polysomes that 
had been frozen as a polysomal pellet 
and stored at -29°C for 16 months 
Density-gradient centrifugation on 15 -
40 percent linear sucrose gradients of 
purified polysomes from longissimus dorsi 
muscle of normal and double-muscled 
bovine animals fed high- and low-energy 
rations 
Time course of leucine incorporation 
into TCA-precipitable protein in a cell-
free protein synthesis system containing 
polysomes and cell-sap enzymes from 
longissimus dorsi muscle of normal and 
double-muscled"animals fed high- and low-
energy rations 
Density-gradient centrifugation on 15 -
40 percent linear sucrose gradients of 
purified polysomes prepared from 
longissimus dorsi muscle of bovine 
^imals differing in age 
Page 
268 
271 
278 
281 
292 
X 
LIST OF TABLES 
Table 1. Factors that might be rate-limiting 
for protein synthesis in skeletal muscle 
Table 2. Composition of buffers used in 
isolation of polysomes and cell-sap 
enzymes 
Table 3. Effect of ût-amylase treatment on purity 
of polysomes isolated from bovine 
longissimus dorsi muscle 
Table 4. Glycogen concentration in polysome 
fractions at different stages of polysome 
purification from bovine longissimus 
dorsi muscle 
Table 5. Comparison of 260/280 and 260/235 
absorbance ratios of polysomes, glycogen, 
and some selected proteins 
7+ 
Table 6. Effect of Mg and KCl concentration 
in the polysome extraction buffer on 
activity and purity of polysomes from 
bovine longissimus dorsi muscle 
Table 7. Effect of pH of the polysome extraction 
buffer on purity and activity of polysomes 
from bovine longissimus dorsi muscle 
Table 8. Effect of homogenate pH on purity of 
polysomes isolated from porcine . 
s emi te ndi no s us muscle 
Table 9. Effect of different detergent treatments 
on activity, purity, and yield of poly­
somes from bovine longissimus dorsi 
muscle 
Table 10. Effect of sucrose concentration in the 
sucrose layer used for purification of 
resuspended microsomes on activity, purity, 
and RNA/protein ratios of polysomes from 
bovine longissimus dorsi muscle 
Page 
2 8  
56 
78 
80 
101 
112 
116 
121 
123 
127 
xi 
Page 
Table 11. RNA concentration in various striated 133 
muscles of different animal species 
Table 12. RNA concentration and yield of polysomes 137 
from longissimus dorsi muscle of calves 
and mature bovine animals and from 
semitendinosus muscle of mature porcine 
animals 
Table 13. Percentage of total RNA in different 139a 
subcellular fractions obtained during 
preparation of purified polysomes from 
different animal tissues 
Table 14. Distribution of RNA in different 145a 
fractions obtained by using different 
procedures to prepare polysomes from 
porcine semitendinosus muscle 
Table 15. Yields of RNA at different stages of 150 
purification of polysomes from bovine 
longissimus dorsi and porcine 
Semitendinosus muscle when pyrophosphate 
is included in the extraction buffer 
Table 16. Transfer RNA as a percent of total RNA 
content in various tissues 
Table 17. Distribution of RNA after layering 
resuspended microsomes from veal longissimus 
dorsi muscle onto a 2M sucrose layer and 
centrifuging for 16 hr at 105,000 xgmax 
Table 18. Amount, purity, and amino acid incorporât- 167a 
ing activity of bovine longissimus dorsi 
polysomes remaining in or floating on the 
sucrose layer used for polysome purification 
Table 19. RNase activity of different fractions 179 
obtained during isolation of polysomes 
and cell-sap enzymes from bovine 
longissimus dorsi muscle, of (K-amylase, 
and of pure pancreatic RNase 
158 
165 
xii 
2+ Table 20. Effect of Mg and KCl concentration in 
cell-sap isolation buffer on amino acid 
incorporating activity of chromatogrammed 
cell-sap enzymes from bovine longissimus 
dorsi muscle 
Table 21. Effect of pH of cell-sap isolation buffer 
on amino acid incorporating activity 
of chromatogrammed cell-sap enzymes from 
bovine longissimus dorsi muscle 
Table 22. RNA to protein ratios in the S-339 super­
natant, cell-sap enzyme preparations, and 
the pH5 enzyme preparations from bovine 
longissimus dorsi muscle 
Table 23. Effect of different ATP, GTP, creatine 
phosphate, and creatine phosphokinase 
levels in the incubation medium on rate 
of amino acid incorporation in a cell-
free assay 
Table 24. Effect of total protein in a cell-free 
protein synthesis system on observed rate 
of 14c-leucine incorporation into TCA-
precipitable protein 
Table 25. Effect of incubation time on the cell-sap 232 
to polysomal protein ratio required to make 
polysomal protein rate-limiting in cell-
free protein synthesis assays containing 
components from either bovine or porcine 
skeletal muscle 
Table 26. Effect of different inhibitors on rate of 241 
amino acid incorporation into TCA-
precipitable protein in a cell-free 
protein synthesis system containing poly­
somes and cell-sap enzymes from bovine 
longissimus dorsi muscle 
Table 27. Effect of collagenase from Clostridium 257 
histolyticum on rate of amino acid 
incorporation into TCA-precipitable protein 
in a cell-free protein synthesis system 
containing polysomes and cell-sap enzymes 
from bovine longissimus dorsi muscle 
Page 
191 
192 
193 
202a 
227a 
xiii 
Table 28. Effect of freezing and storage at -29°C 
on ability of polysomes and cell-sap 
enzymes from bovine lonqissimus dorsi 
muscle to incorporate amino acids into 
TCA-precipitable protein 
Table 29. RNA concentration in lonqissimus dorsi 
muscle of normal and double-muscled 
bovine animals on high- and low-energy 
rations 
Table 30. Activity in cell-free protein synthesis 
systems of polysomes and cell-sap enzymes 
from lonqissimus dorsi muscle of normal 
and double-muscled bovine animals fed 
high- and low-energy rations 
Table 31. Activities in cell-free protein synthesis 
systems of polysomes and cell-sap enzymes 
from lonqissimus dorsi muscle of bovine 
animals differing in age 
Page 
261a 
276 
284 
293a 
xiv 
LIST OF ABBREVIATIONS 
a Alpha 
I Angstrom = 10~® centimeters 
ATP Adenosine 5'-triphosphate 
P Beta 
°C Degree celsius 
cAMP 3' - 5' cyclic adenosine 
monophosphate 
Ci Curie . 
cm Centimeter 
dpm Disintegrations per minute 
DM Double-muscling 
DNA Deoxyribonucleic acid 
DOC Deoxycholate 
EF Elongation factor 
9max Maximum acceleration due to 
gravity 
g Gram 
GTP Guanosine 5 *-triphosphate 
HEPES N-2-hydroxyethylpiperazine-N'-2-
ethanesulfonic acid 
hr Hours 
elF Eukaryotic initiation factor 
M Molar 
mA Milliampere 
MCE 2-mercaptoethanol 
XV 
mCi Millicurie 
mg Milligram 
min Minutes 
ml Milliliter 
mM Millimolar 
mRNA Messenger RNA 
nm Nanometer 
Inorganic phosphate 
pmole Picomole 
PMS Postmitochondrial supernatant 
PCA Perchloric acid 
poly A Polyadenylic acid 
RNA Ribonucleic acid 
RNase Ribonuclease 
rpm Revolutions per minute 
S Sedimentation coefficient 
SDS Sodium dodecyl sulfate 
sec Seconds 
TCA Trichloroacetic acid 
tRNA Transfer RNA 
tcRNA Translational control RNA 
Tris Tris-(hydroxymethyl)-aminomethane 
juCi Microcurie 
Hg Microgram 
111 Microliter 
xvi 
Micromolar 
Volume 
Weight 
1 
CHAPTER I: INTRODUCTION 
Skeletal muscle makes up a larger proportion of total body 
mass than any other single tissue in the mammalian organism. 
Indeed, skeletal muscle alone constitutes approximately 40 
percent of the total mass of most mammals. That skeletal 
muscle accounts for nearly half the total mammalian organism 
is, by itself, sufficient to arouse considerable interest in 
the study of this tissue. That skeletal muscle also is 
uniquely capable of producing movement, however, increases 
the interest in study of this complex and important tissue. 
Because skeletal muscle constitutes such a large proportion of 
total mass of the mammalian organism, maintenance and growth 
of skeletal muscle necessarily consumes a large proportion 
of the total energy ingested by mammalian organisms. Moreover, 
controlled degradation of skeletal muscle proteins have been 
shown to provide the major source of amino acids to mammals 
during periods when food intake is insufficient to meet normal 
metabolic needs. Consequently, the balance between rate of 
synthesis and rate of degradation of skeletal muscle proteins 
has critical importance to the growth and function of 
mammalian organisms. 
Interest in the effects of various treatments or conditions 
on muscle protein metabolism in mature animals has increased. 
For example, as the American public has become increasingly 
aware of the importance of exercise to physical well-being 
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and health, questions have risen concerning the effects of 
exercise on muscle protein synthesis and how exercise should 
be performed to maximize its benefits. Nutrition, too, has 
received additional public attention, and the effects of over-
nutrition, under-nutrition, and different eating patterns on 
skeletal muscle growth and metabolism have become issues 
of concern and debate. Finally, it is clear that muscle 
metabolism in mature mammals has critical and direct relation 
to human diseases. Heart disease continues to be the leading 
cause of death in almost all developed countries in the world. 
Heart muscle reacts to increased load by increasing its rate 
of protein synthesis and enlarging. The factors that cause 
this increase are completely unknown. Chronic overload, 
however, eventually leads to an increase in rate of degradation 
or a decrease in rate of synthesis of heart muscle proteins, 
and heart failure results. Again, the factors that trigger 
these responses in heart muscle protein metabolism are 
unknown. The muscular dystrophies are a group of diseases 
that directly involve alterations in the rate of muscle 
protein synthesis and degradation. It is clear, therefore, that 
new information on the factors regulating rate of protein 
synthesis and degradation in mature mammalian muscle could 
contribute in a number of very significant ways to human 
health problems. 
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Skeletal muscle metabolism is also of central importance 
to agriculture. Most people in the world suffer from 
malnutrition, and attempts to increase food production have 
been given highest priority by many governments. Protein 
is in especially short supply. Animal protein has an 
important role in attempts to increase edible protein produc­
tion simply because animals can convert grass and many other 
materials inedible by humans into high-quality, edible 
protein. It is, therefore, important to attempt to increase 
the rate and efficiency with which animals convert ingested 
nutrients into edible muscle protein. Obviously, these 
attempts will require information on the factors that regulate 
rate of muscle protein synthesis and degradation, because the 
balance between these two factors directly determines rate of 
muscle growth. 
Despite the importance of muscle protein metabolism to 
both human health and world food supply, very little is known 
about the factors that regulate protein metabolism in mature 
mammalian muscle. The mechanism of protein synthesis in 
mammalian cells is generally very well-understood, and some of 
the factors regulating protein synthesis are known in specific 
tissues and cells such as chicken oviduct or reticulocytes. 
The available information indicates that muscle protein 
synthesis proceeds by the same general mechanism as protein 
synthesis in other mammalian cells, but the factors that 
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regulate rate of muscle protein synthesis and the response of 
this rate to different nutritive regimes, exercise, work-
overload, etc., are completely unknown. This lack of 
information on factors controlling rate of protein synthesis 
in mature mammalian muscle is due partly to the difficulty in 
preparing the components required for protein synthesis from 
mature mammalian muscle. Much of the available information 
on factors regulating rate of protein synthesis in other 
tissues has emanated from studies using ijn vitro mixtures of 
the different components such as ribosomes, mRNA, enzymes, 
etc. required for protein synthesis. When each of these 
components can be prepared individually and in an active 
form, it is possible to add or delete each component to an 
in vitro protein synthesis assay and thereby localize the 
effect that any treatment such as hormone addition or nutrition 
has on rate of protein synthesis to an individual component. 
Because of the difficulty in preparing from mature^ mammalian 
skeletal muscle ribosomes that are active in vitro protein 
synthesis systems, it unfortunately has been impossible up to 
now to study, in a definitive way, the effects of various 
treatments such as exercise, on rate of muscle protein 
synthesis. 
It has generally been known that ribosomes active in 
in vitro protein synthesis systems could not be prepared from 
mature, mammalian skeletal muscle by using the usual procedures 
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for preparing ribosomes from other tissues, but no systematic 
studies attempting to develop a method for preparing active 
ribosomes from mature^ mammalian skeletal muscle have been 
reported. Because of the fundamental importance of muscle 
protein synthesis to human health and agriculture, it was 
decided to attempt to develop a procedure for preparing in 
an active form from mature^ mammalian skeletal muscle all the 
components needed for vitro protein synthesis. This 
dissertation describes these efforts and outlines the 
procedures necessary to successfully prepare active protein 
synthesis components from mature, mammalian skeletal muscle. 
Most of the effort described in this dissertation was required 
for the development of these procedures. The last section of 
the dissertation, however, describes the application of these 
procedures to two animal systems that differ physiologically; 
the results in this last section illustrate the kind of unique 
and valuable information that can be obtained from iji vitro 
protein synthesis assays using components prepared from mature, 
mammalian muscle. 
Although the studies included in this dissertation were 
successful in leading to development of procedures for 
preparing active protein synthesis components from mature, 
mammalian muscle, time did not permit extension of these studies 
as far as needed for definitive studies of muscle protein 
synthesis. For example, muscle proteins can be grouped into 
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three general categories that differ widely in properties and 
probably also in their response to physiological stimuli. 
These three categories are: (1) the sacroplasmic proteins; 
(2) the myofibrillar proteins, and; (3) the stroma 
proteins. The protein synthesis components prepared in this 
study are probably involved to varying extents in the 
synthesis of all proteins in all three of these categories. 
It clearly would be desirable to isolate the protein synthetic 
components responsible for synthesis of each of these three 
categories of muscle protein. One experiment was done to 
attempt to define the amount of stromal protein synthesis 
supported by the protein synthetic components isolated in 
this dissertation. Time, however, did not permit additional 
attempts at separating the components involved in synthesis 
of each of the three categories of muscle protein. The 
myofibrillar proteins alone make up 50 to 55 percent of the 
total muscle proteins and are the proteins directly responsible 
for the contractile properties of muscle cells. It would 
have, therefore, been especially useful to have been able to 
delineate the components involved in synthesis of the 
myofibrillar proteins. It was also impossible, because of the 
large effort required to develop optimal procedures for 
preparations of active dm vitro protein synthesis components, 
to do many assays of the effects of different physiological 
stimuli on activity of these components. Only two different 
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systems involving a limited number of animals was studied. 
Availability of the new procedures developed in this disserta­
tion for preparation of active protein synthesis components 
from mature, mammalian muscles, in itself, however, permits 
an entirely new group of experiments to be done. It can be 
anticipated that the two preliminary studies reported in this 
dissertation will soon be extended to larger numbers of animals 
and to other systems. It is also hoped that description of 
the rationale involved in developing the procedures described 
in this dissertation will provide valuable guidance to develop­
ment of the more sophisticated procedures needed for future, 
more definitive studies. Consequently, the procedures 
described in this dissertation will hopefully provide a basis 
for many of the future studies needed on muscle protein 
synthesis in mature mammals. 
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CHAPTER II: LITERATURE REVIEW 
The initial site of protein synthesis was determined when 
procedures were developed for tissue fractionation by differen­
tial centrifugation. The extended use of isotopes in the mid-
1940' s made it possible to detect protein synthetic activity 
in tissue preparations. Animal cells were injected with 
C^^-labeled amino acids and the various intracellular 
particulated fractions and soluble components of the tissues 
were isolated. In the early 1950's, a system capable of 
synthesizing protein in cell-free systems was obtained. At 
that time, it had been determined that the ribonucleoprotein 
part of the microsomes, the ribosome, was the site of synthesis 
of the new polypeptide chain (Littlefield et al., 1955). 
Experiments on the reconstruction of ribosomes from RNA and 
proteins have led to new concepts on assembly and to new ways 
of studying the function of particular components. 
This review will describe protein biosynthesis mechanisms, 
as it applies to eukaryotic systems. The first section 
deals with the ribosome, because a major portion of this thesis 
details the isolation of polysomes from mature, mammalian 
skeletal muscle. The second section will discuss the mechanism 
of protein synthesis, and the third section reviews regulation 
and control mechanisms of protein synthesis. The concluding 
section of this literature review will deal more directly with 
protein synthesis in muscle systems. 
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The Ribosome 
Ribosomes provide a structure on which amino acids are 
polymerized. Ribosomes are no longer thought of as static 
cellular structures but change in structure during physiologi­
cal function. Eukaryotic 80S ribosomes are about 220 - 240 ^  
in diameter (Nomomura et al., 1971), approximately 4.5 x 
10® daltons, and contain 50 to 55 percent RNA and 45 to 50 
percent protein. The sedimentation coefficient of the mono-
somes and sub units varies from species to species, but is 
close to 80S for the ribosome mono some, and 60S and 40S for 
the subunits (Petermann, 1964). The larger 60S subunit is 
2.4 - 3 X 10® daltons, and contains 40 separate proteins, 
a 2 8S ribosomal RNA, a 7S RNA, which is part of the same 
transcription unit as 18S and 28S RNA, and a 5S RNA, which is 
tightly bound to eukaryotic ribosomes, and is not a precursor 
molecule. The smaller sub unit, 1.2 - 1.5 x 10® daltons, 
contains 30 proteins and an 18 to 19S ribosomal RNA. 
Ribosomes have different densities on CsCl density-
gradient centrifugation, banding at 1.55 g/cm^ for loose 
ribosomes, and at 1.49 g/cm for tight ribosomes (Rosbash and 
Penman, 1971). Loose ribosomes were considered to be the same 
as free ribosomes, whereas tight ribosomes were thought to 
have had adsorbed membrane proteins, containing 30 percent 
extra proteins per unit of RNA. Vournakis and Rich (1971 and 
1972) found that density of ribosomes from chick embryo muscle 
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in a CaCl density-gradient after formaldehyde fixation was 
1.60 g/cm^. Although this value is slightly higher than 
others, the author suggests that the relatively high 250 itiM 
KCl concentration in the isolation buffer, necessary for 
polysome preparation from muscle tissue (Heywood et al., 
1967) may have contributed to the release of some proteins 
from the ribosomes. Free cytoplasmic ribosomes from chick 
embryo muscle tissue have S20, ^  = 785 and Dgg ^ = 1.04, 
while polysomal ribosomes, obtained by mild ribonuclease 
treatment, have values of 85S and 1.14, respectively 
(Vournakis and Rich, 1972). These differences suggest that 
the ribosomes have different hydrodynamic sizes, although 
the particle weight of the two types of ribosomes is the 
same. 
Ribosomes are found in all living forms, excluding 
viruses which use the host ribosomes. In animal cells, 
such as the liver and pancreas, that make protein products 
for export, the ribosomes are associated by their large 
subunit, with the endoplasmic lipoprotein membranes, which 
functions as intracellular canals for conducting newly 
synthesized proteins from the site of manufacture to the 
point of export. In bacterial cells, tumor cells, and 
rapidly growing cells, ribosomes are found free in the 
cytoplasm. The majority of the ribosomes in muscle cells are 
also not membrane bound (Watts and Reid, 1969; and Nihei, 
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1971). In chick embryo muscle, which has little developed 
membranes of the endoplasmic reticulum, polysomes are 
unattached to membraneous structure and are capable of 
synthesizing contractile proteins (Heywood et al., 1967). 
As muscle cells grow, the amount of the endoplasmic reticulum 
increases, but most ribosomes remain unbound. 
It has been shown that active ribosomes engaged in 
protein synthesis, do not dissociate at high KCl concentration; 
this has been used as a basis to determine the proportion of 
active ribosomes in eukaryotic cells (Martin, 1973; Martin 
and Hartwell, 1970; Taub and Johnson, 1975). It was shown 
that polysomes that carry nascent polypeptide chains are 
relatively resistant to dissociation into ribosomal subunits 
in media of high ionic strength sufficient to completely 
dissociate inactive monosomes. 
The size of the polysomes have been shown to be in direct 
proportion to the molecular weight of the mRNA and the size 
of the proteins being synthesized. This was shown for 
hemoglobin (Warner et al., 1963), myosin, actin, and tropomyo­
sin (Heywood and Rich, 1968), and for heavy and light chains 
of antibodies (Ralph and Rich, 1971; Becker et al., 1970). 
In addition, the aggregated size of the polysomes, as determined 
by density-gradient centrifugation, had a direct relationship 
to the protein synthetic capability of the tissue under 
investigation (Pronczuk et al., 1968; Munro, 1968). This was 
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also shown by Wettstein and coworkers (1963) for rat liver 
ribosomes, where amino acid incorporation in a cell-free system 
increased with the proportion of heavy aggregates present. 
The most active preparation contained very little 80S ribosomes 
and consisted mostly of faster sedimenting material. 
The accumulation of subunits or of polysomes in the 
cell may be obtained by the inhibition of steps in the 
ribosome cycle. Inhibition of peptide chain initiation will 
lead to reduced levels of polysomes and accumulation of 
ribosomal subunits. This was illustrated to occur by the 
incubation of tumor cells or reticulocytes with fluoride 
(Marks et al., 1965; Vesco and Colombo, 1970), incubation of 
Escherichia coli at cold temperatures (Friedman et al, 1969), 
and incubation of tumor cells or profusion of hearts with low 
levels of extracellular amino acids (Hogan and Korner, 196 8; 
Morgan et al., 1971). The inhibition of chain elongation with 
cycloheximide gives the opposite effect, with increased 
numbers of polysomes formed and depletion of the subunit pool 
(Vesco and Colombo, 1970; Hartwell and McLaughlin, 1969). 
Most RNA in muscle is rRNA and is found associated with 
the heavy subcellular fraction sedimented by centrifugation, 
which also contains myofibrils (Margreth and Novelli, 1964). 
Zak and coworkers (1967) showed that 85 percent of the RNA in 
rat cardiac muscle could be extracted as ribosomes from this 
fraction. In mature skeletal muscle fibers of the rat 
(Galavazi, 1971) and the Purkinje fibers of the heart 
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(Thornell, 1972), where most of the ribosomes are not membrane 
bound, the polysomal complexes are located intermyofibrillarly. 
Larson and coworkers (1969) detected ribosomes along the myosin 
filaments within the myofibrils, but only rarely found ribosomes 
in the pseudo-H zone and the I band, and concluded that mRNA moves 
along stationary ribosomes so that protein subunits are formed 
in the exact locus where they will function. Larson also 
reported that all types of configurations of polysomes are 
found between myofibrils as well as beneath the sarcolemma and 
in the paranuclear cones of the sarcoplasm. Rosettes are also 
found arranged in a ring of 4 - 6 ribosomes. Helical arrays, 
with 4-5 ribosomes per turn, are found free in the sarcoplasm, 
and reach 60 ribosomes long when extended. Whorls of polysomes, 
up to 25 ribosomes long and possibly membrane bound were also 
found. The cytoplasm of satellite cells, located outside the 
muscle fiber adjacent to the sarcolemma, was found rich in 
free ribosomes. 
The study of muscle ribosomes is made difficult by the 
presence of glycogen particles in muscle cells, because 
glycogen particles are nearly the same size as ribosomes and 
resemble ribosomes structurally. Galavazi in 1971 was able 
to differentiate ribosomes and glycogen granules by fixing 
sections with glutaraldehyde and staining with uranyl acetate. 
This procedure caused glycogen to be electron transparent and 
the ribosomes to be electron dense. Polygranular 
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configurations of glycogen have been known to be interpreted 
erroneously as polysomes (Hay, 1966) because the granules 
have a diameter of 200 - 400 Â, similar to ribosomes. Poly­
somes have a density of 1.295 - 1.2300 g/cm^ in metrizamide 
gradients, banding in a narrow range of densities, that is 
very similar to the density of glycogen (Dissous et al., 
1976). 
The Mechanism of Protein Synthesis 
A general parallel exists between protein synthesis in 
prokaryotic and eukaryotic cells, although much less is 
understood of the details of the mechanism of protein 
synthesis in the more complex eukaryotes than in the 
prokaryotes. A flow diagram of the sequence of events involved 
in protein biosynthesis in eukaryotic systems is shown in 
Figure 1. The diagram shows the three phases of the protein 
biosynthetic process: initiation, elongation, and termination. 
The first phase involved in protein synthesis consists of 
initiation, which precedes the start of polypeptide chain 
synthesis. Initiation starts the recognition of particular 
regions of the messenger RNA, which specifies the place where 
decoding of the template RNA begins. Formation of the 
initiation complex is critical in phasing the readout of the 
mRNA, is an important point in translation, and is probably 
a rate-limiting step in protein synthesis (Lodish, 1974). 
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Figure 1. Diagram showing the mechanism of protein synthesis in 
eukaryotic cells. The "A site" designates the accep­
tor site and the "D site" designates the donor site. 
These sites are distinguished by nonreactivity and 
reactivity, respectively, with puromycin . 
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Figure 1 (continued) 
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The second ^hase, elongation, occurs by sequented binding of 
additional aminoacyl-tRNAs and formation of peptide bonds. 
In the third phase, chain termination, the completed peptide 
chain is released from the polysomal complex. An enormous 
amount of information has accumulated about the mechanisms of 
protein synthesis, the following brief review is based on 
large part on the information given by Lucas-Lenard and 
Lipmann (1971) and by Haselkorn and Rothman-Denes (1973). 
Before formation of the initiation complex, it is 
necessary to activate the amino acids and bind them to tRNA 
to form aminoacyl-tRNAs. This process required an external 
source of energy, ATP, which further supplies energy for 
peptide bond formation. The enzyme catalyzed reaction 
requires aminoacyl-tRNA ligases which are specific for each 
amino acid. 
Amino acid activation: 
AA^ + ATP + Enz^ . m, - aa^AMP-enz + PP. 
Mg XI
aa^AMP*enz„ + tRNA ^  * aa tRNA + AMP + Enz 
X  X  X  X X  X  
(x = specific for one amino acid) 
The energy of the pyrophosphoryl-AMP bond of ATP is 
preserved in the aminoacyl carboxyl-phosphoanhydride bond. 
This reaction is reversible, and the carboxyl group of the 
amino acid is now in an "activated" form, which would readily 
form indiscriminate peptide linkages with other amino acids 
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if the aminoacyl-tRNA ligase was not present to keep it 
firmly bound. 
Transfer-RNA molecules are ubiquitous and are found in 
the soluble portion of the cytoplasm. They are 25 - 30,000 
daltons with 80 - 90 nucleotides, and a sedimentation 
coefficient of 4S. They have recognition sites for a specific 
aminoacyl-tRNA ligase and all tRNA molecules have the same 
terminal three nucleotides at the 3' end, CpCpA-OH. At the 
3' end, a mixed anhydride linkage is formed with the amino 
acid's primary carboxyl group. The tRNA molecule also 
contains a triplet codon recognition site to bind mRNA and 
a site of interaction with the ribosome. The "adaptor 
hypothesis" proposed by Crick in 1958 states that the tRNAs 
(adaptor molecules) specifically interact with coding units 
on the mRNA putting specific amino acids in the polypeptide 
chain. The tRNA molecules and aminoacyl-tRNA ligases tend to 
exist as complexes associated with the ribosome. There may 
be more than one tRNA molecule (isoaccepting tRNA) for each 
amino acid in any given cell. The number of isoaccepting 
tRNAs for each amino acid will differ in different cells. 
Therefore, in liver, there are three different specific leu-
tRNAs. Usually there is only one aminoacyl-tRNA ligase which 
can recognize all different isoaccepting tRNAs. The 
specificity for coding is due to the formation of aminoacyl-
tRNA molecules, which is probably through the tertiary 
20 
structure of the aminoacyl-tRNA ligases to recognize the 
correct tPNA molecules. In eukaryotes, different aminoacyl-
tRNA ligases occur because of intracellular organization. The 
cytoplasmic aminoacyl-tRNA ligases are different from those 
of cytoplasmic organelles, such as mitochondria, chloroplasts, 
and nuclei, and are affected differently by age and hormone 
balance. 
The function of mRNA in mammalian cells was determined 
after the discovery of polysomes and the isolation from HeLa 
cell of polysomes containing labelled mRNA (Penman et al., 
1963). The mRNA is a linear sequence of bases accurately 
reflecting a sequence in DNA and acts as a template for 
protein synthesis. Most eukarytoc cellular mRNAs and animal 
viral mRNAs have a polyadenylate sequence at their 3* terminus 
(Darnell et al., 1973). This segment can be up to 200 
nucleotides long. Poly (A) synthesis occurs in the nucleus 
and is added to heterogeneous nuclear RNA after transcription 
is completed. Its function is not entirely clear, but it 
does not appear to be involved in the translation process 
because its removal does not inhibit mRNA activity in cell-
free systems (Sippel et al., 1974). Some evidence indicates 
a connection between the presence of the poly (A) and the long 
half-lives of eukaryotic mRNAs. 
The 5' terminus of most, but not all, eukaryotic mRNAs 
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also contains a 7-methylguanosine (m G) residue that is added 
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on after transcription and that is linked through a 5' - 5 * 
pyrophosphate bond to the next residue on the mRNA. The 
n  
m G seems to be involved in the binding of the mRNA to ribo-
somes and may be recognized by initiation factors (Shafritz 
et al., 1976) . 
The size of the mRNA dictates the number of ribosomes 
attached to it, and the size of the polypeptide chain formed. 
The macromolecular complex, the polysome, consists of ribo­
somes, spaced approximately 240 Â apart, and the mRNA, to 
which the ribosomes are attached. 
The initiation complex is formed by attachment of the 4OS 
subunit to an initiator codon, AUG, on the mRNA. This also 
requires initiation factors, elF. The exact number of 
initiation factors is still not known, with at least seven 
different components essential for initiation to occur at 
maximum rate. A symposium on protein synthesis held at the 
National Institutes of Health, Bethesda, Maryland, on 
October 18, 1976 (Anderson, 1977), has given a single 
nomenclature for the eukaryotic initiation factors. Some of 
the elFs have high molecular weights and others exhibit a 
tendency to form homo- or heteroaggregates. Several of these 
elFs have been purified to homogeneity. Eukaryotic IFs 
consisting of single polypeptide chains are eIF-1 (15,000 
daltons), eIF-4A (50,000 daltons), eIF-5 (160,000 daltons), 
and eIF-4B (80,000 daltons). Eukaryotic IF-2 is composed of 
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three subunits of about 35,000, 50,000 and 55,000 daltons. 
Eukaryotic IF-3 is a large protein complex, which sediments 
at 17S in its native state, and dissociates to 9 or 10 
subunits in dodecylsulfate. 
The first step in initiation complex formation is a 
complex containing eIF-2, GTP, and met-tRNA^ and the subsequent 
binding of this complex to the 40S subunit (Staehelin et al., 
1975). The eIF-3 and the ATP are absolutely required for 
attachment of the mRNA to this 40S, eIF-2, GTP, met-tRNA 
complex (Figure 1). Attachment of the 60S subunit is catalyzed 
by eIF-5, and requires the hydrolysis of GTP into GDP and P^. 
The ribosome behaves as though it had two tRNA binding sites 
consisting of the donor or "D site" and the acceptor or "A 
site". These sites are recognized by the reactivity of 
aminoacyl-tRNA to puromycin. If peptidyl-tRNA is bound at the 
"A site", no reaction occurs with puromycin. If petidyl-tRNA 
is at the "D site", the peptidyl-tRNA can react with puromycin 
to form a peptidylpuromycin derivative which is then released. 
The met-tRNA is initially located in the "A site" of the 
ribosome immediately after attachment of the 60S subunit. The 
eukaryotic IFs are subsequently removed and the met-tRNA^ 
is transferred to the "D site" on the ribosome. This transfer 
is accompanied by GTP hydrolysis. 
The process of elongation consists of three consecutive 
steps: (1) the codon directed binding of aminoacyl-tRNA; 
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(2) peptide bond formation; and (3) translocation. The codon-
directed binding of aminoacyl-tRNA to the ribosomal "A site" 
requires that each specific aminoacyl-tRNA interacts with 
2+ GTP and EF-1 in the presence of Mg to form GTP:EF-1: 
aminoacyl-tRNA complex (Figure 1). With the exception of the 
reticulocytes, multiple forms of EF-1 ranging from 50,000 to 
1.5 million daltons exist in most tissues. The heavy forms 
are believed to be aggregates of the light forms. These 
aggregates contain large amounts of lipid material that are 
absent from the light form of EF-1. The complex binding 
requires GTP hydrolysis, and yields free EF-1;GDP (Figure 1). 
The growing peptide chain is transferred to the aminoacyl-
tRNA at the "A site" to form a new peptide, one amino acid 
longer, and leaving a deacylated tRNA at the "D site". This 
reaction is catalyzed by the enzyme, peptidyl transferase, 
located in the 60S subunit and involves a conformational change 
from a compact to an expanded ribosome structure (Schreier 
and Noll, 1971; Chuang and Simpson, 1971). No energy from 
ATP or GTP is required because the energy is supplied by the 
high energy ester linkage formed between the peptide chain 
to the tRNA in the "D site". 
During the process of translocation, the peptidyl-tRNA 
is shifted into the "D site", the "A site" is vacated, and 
the deacylated tRNA is expelled. A new codon appears at the 
"A site" as the mRNA is translocated, advancing the ribosome 
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3 nucleotides closer to the 3* end of the mRNA. The puromycin-
insensitive aminoacyl-tRNA bound originally at the "A site" 
is converted into the "D site" bound puromyc in-sens itive 
state, with the ribosome undergoing a conformational change frcm 
the expanded to compact form. The movement of the mRNA and 
peptidyl-tRNA requires a soluble component, EF-2, and GTP, 
Mg^"*", and K^. Ribosomes and Mg^^ inhibit the EF-2 binding 
of GDP but have no effect on GTP binding (Henriksen et al., 
19 75). Changes in the GTP:GDP ratios cause conformational 
changes of elongation factors and termination factors. 
Hydrolysis of GTP may not be required to provide energy 
directly for polypeptide synthesis but may be essential for the 
individual factors to be released from the ribosomes and 
made available for recycling. During protein synthesis, EF-2 
is rapidly liberated into the cytoplasm, but when protein 
synthesis is inhibited, EF-2 remains associated with the 
ribosome (Smulson et al., 1975). The EF-2 catalyzed hydrolysis 
of GTP requires ribosome interaction, because EF-2 is inactive 
without ribosomes. These reactions increase the growing 
polypeptide chain by one amino acid, and this process is 
repeated until the protein is completed. 
The termination process in eukaryotes is more obscure 
than either the initiation or elongation processes just 
described. Release factors are required for the termination 
reaction. These release factors require GTP, and may function 
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by converting peptidyl transferase to a hydrolase enzyme. 
Beaudet and Caskey (1971) showed that tetranucleotides, UAAA, 
UAGA, and UGAA are used as terminators in eukaryotes, with a 
single releasing factor responding to all three tetranucleo-
tide codons. Detachment of the ribosome subunits and 
releasing factors from the mRNA strand permits reutilization 
of the ribosomal subunits in another round of polypeptide 
synthesis. 
The 4OS subunit may be newly assembled from rRNA and 
ribosomal proteins in the nucleoli or obtained by dissociation 
of the 80S monosome units in the polysomes after chain 
termination. A dissociation factor, which may be eIF-3, is 
implicated in keeping the ribosomal subunits separated when 
they are not bound to the mRNA. Ribosomes undergo exchange 
of their large and small ribosomal subunits, after each 
passage over mRNA because new ribosomes are reformed from the 
pool of ribosomal subunits that continuously recycle through 
polysomes. There may also be a protein factor that inhibits 
formation of single ribosomes from 60S and 4OS subunits, but 
that does not actively dissociate them (Kaempfer and Kaufman, 
1972). The ribosomal subunits are thought to be the only 
species recycling between polysomes, while single ribosomes, 
representing an inactive pool, are formed from ribosomal 
subunits only if protein synthesis slows down. This model is 
in agreement with the finding that, in cell-free systems. 
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mammalian ribosomal subunits equilibrate much more slowly 
with single ribosomes than with polysomes (Rabat and Rich, 
1969; Hogan and Korner, 1968). 
Regulatory Control of Protein Synthesis 
Although a great deal of information on post-
transcriptional control of protein synthesis has accumulated 
during the last three to four years (see for example. Revel 
and Groner, 1978), much remains to be learned about transla­
tional control of protein synthesis. Relatively few examples 
exist that clearly and definitively show that translational 
control can regulate the types of proteins being made. It 
is generally thought that translational control is a fine 
tuning type of control, where slight changes in the relative 
synthesis of different polypeptides are made. The fact that 
heterologous mRNAs may be translated in Xenopus oocytes (Lane 
et al., 1971; Lane, 1976) seems to indicate that no tissue 
or species specificity for translation control exists. At 
present, mRNAs from one cell type can be translated equally 
well in cell extracts or in intact cells of different cell 
types. Cells do not seem to contain different factors required 
for translation of different mRNAs. Thus, rabbit reticulocytes 
contain cell factors required for translation of any eukaryotic 
mRNA. 
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Some of the factors that might be rate-limiting at the 
translations! level during protein synthesis are shown in 
Table 1. Although mRNA has no species specificity in rate of 
translation, different mRNA's may be translated with different 
efficiencies and at different rates because of varying rates 
of initiation or different stabilities of the mRNA. Such 
differences could originate from different structures of the 
mRNA molecule (Lodish, 19 74) . The rate of elongation of the 
same mRNA could differ in different cells due to cells 
regulating the availability of mRNA by sequestering mRNA in 
cytoplasmic RNP complexes, such as seems to be done in sea 
urchin and amphibian oocytes. 
The cellular level of mRNA has been reported to be under 
hormonal regulation for several sex-steroid dependent proteins, 
such as ovalbumin, conalbumin and avidin in the chick oviduct 
(Chan et al., 1973; Rhoads et al,, 1973; Palmiter and Smith, 
1973), and trypotophan oxygenase (Schutz et al., 1975), 
glutamine synthetase, and retina cells (Sarkar and Griffith, 
1976). Treatment of animals or cell cultures with various 
hormones leads to an increase in the overall rate of transla-
tional initiation and elongation and increased levels of 
several initiation factors and elongation factors. 
Regulation of myosin synthesis has been studied at the 
transcriptional level during hypertrophy of cardiac and 
skeletal muscle. Myosin synthesis was accompanied by changes 
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Table 1. Factors that might be rate-limiting for protein 
synthesis in skeletal muscle 
1. Amount and availability of mRNA - Rate of 
transcription and DNA-dependent RNA polymerase 
activity, post-transcriptional mRNA processing such 
as pre-mRNA cleavage and splicing, poly (A) 
addition, 5' capping and methylation, internal 
methylation, cytoplasmic RNP complexes 
2. Concentration and capacity of ribosomes - Hormonal 
effects: insulin and growth hormone, ribosomal 
subunits phosphorylation, acetylation 
3. Supply of aminoacyl-tRNA - Acceptor activity, 
aminoacyl-tRNA ligase activity, uncharged tRNAs, 
proportion of isoacceptor tRNAs 
4. Amino acids - Diets, hormonal effects, amino acid 
transport 
5. Enzymes and other factors - Concentrations of eiFs 
and EFs, tcRNA 
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in the activity of nuclear DNA-dependent RNA polymerase 
(Schreiber et al., 1969) and in the template activity of 
chromatin (Florini and Dankberg, 1971). 
Certain RNA fractions have been shown to affect rate of 
cell-free protein synthesis by differentially affecting 
translation of different mRNAs (Bogdanovsky et al., 1973; 
Kennedy et al., 1974; Bester et al., 1975). A small U-rich 
RNA molecule, termed translational control RNA (tcRNA) and 
containing an oligo(U)-rich region capable of hybridization 
to poly (A), was shown to inhibit the translation of poly (A)-
containing mRNAs isolated from the same mRNPs. A tcRNA 
isolated from reticulocyte eIF-3 inhibited myosin and myo­
globin synthesis. The formation of a double-stranded RNA 
region, due to the interaction of tcRNA directly with mRNA, 
is known to inhibit translation in mammalian protein synthesis 
(Ehrenfeld and Hunt, 19 71; Kaempfer and Kaufman, 1973; 
Kaempfer, 1974), but has no effect on bacterial protein 
synthesis (Jay and Kaempfer, 1975). 
Initiation factors can also play an important role in 
regulating rate of protein synthesis. The available evidence 
indicates that mammalian cells can regulate the overall rate 
of polypeptide chain initiation. Although it is not yet clear 
whether this regulation is specific for any subclass of mRNA, 
the inhibition of overall rate of chain initiation will. 
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at the very least, result in preferential inhibition of mRNAs 
with lower rate constants for chain initiation (Lodish, 1976). 
One of the most thoroughly characterized instances of 
regulation of initiation in eukaryotic cells is the require­
ment for globin synthesis in reticulocytes (Revel and Groner, 
1978). Hemin stimulates ^  novo synthesis of globin in 
intact reticulocytes (Waxman and Rabinowitz, 1966) and in 
cell-free preparations from reticulocytes (Adamson et al., 
1968). During hemin or iron deficiency, reticulocytes cease 
synthesis of globin; this cessation of globin synthesis is 
caused directly by decreased initiation. The decreased rate 
of initiation has been shown to be due to an inhibitor 
that blocks attachment of met-tRNA^ to the 40S subunit 
(Adamson et al., 1972). Inhibition by this inhibitor can be 
overcome by addition of eIF-2, the factor that binds met-
tRNA^ to the small ribosomal subunit (Clemens and Pain, 1974). 
At high levels of inhibitor, initiation of at- and ^-globin 
and all reticulocyte protein synthesis is blocked (Lodish and 
Desalu, 1973). At lower levels of inhibitor, partial 
inhibition of initiation reduces synthesis of O-globin more 
than that of p-globin because the crglobin mRNA has a lower 
rate constant for ribosome attachment than does ^-globin mRNA 
(Lodish, 1974) . 
It has been postulated by Heywood and coworkers (Rourke 
and Heywood, 1972) that changes in the rate of synthesis and 
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degradation of mRNA or in the timing of appearance of specific 
initiation protein factors required for translation of myosin 
mRNA may be responsible for changes in the concentration of 
myosin-synthesizing polysomes. During cell differentiation, 
large amounts of myosin appear immediately after myoblasts, 
the embryonic muscle cells, fuse to form multinucleated 
myotubes. Bulk synthesis of myosin mRNA seems to just precede 
this massive appearance of myosin. The available evidence 
suggest that the 26S poly (A) -terminated, presumptive myosin 
mRNA does not bind ribosomes to form polysomes until differen­
tiation begins (Whalen et al., 1976). This same delay in 
polysome formation may also occur with actin mRNA. 
Heywood and coworkers (Thompson et al., 19 73) reported 
that translation of chicken globin mRNA in cell-free systems 
containing either reticulocytes or muscle ribosomes requiring 
the presence of initiation factors from reticulocytes. 
Similarly, myosin mRNA translation requires muscle initiation 
factors (Heywood, 1970; Rourke and Heywood, 1972). Initiation 
factors were prepared from either red or white muscle cells 
and used in a heterologous system (Thompson et al., 1973). 
The eIF-3 from either red or white muscle promoted synthesis 
of myosin heavy chains by reticulocyte ribosomes, but myo­
globin synthesis was promoted only by eIF-3 from red muscle. 
Red muscle cells contain relatively large amounts of myoglobin, 
whereas white muscle cells contain almost no myoglobin. 
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The experiments by Heywood and coworkers (Thompson et al., 
1973) suggest that this difference in myoglobin content 
between red and white chicken muscle originates from the 
presence of a specific eIF-3 required for the translation of 
myoglobin mRNA in red muscle, but not in white muscle. 
Heywood's results (Heywood, 1970; Rourke and Heywood, 1972; 
Thompson et al., 1973) indicate that translation of mRNA can 
be modulated by the presence of specific elFs. If a modulator 
protein becomes associated with a number of eIF-3 molecules, 
it could make them specific for a particular mRNA or class of 
mRNAs (Heywood and Kennedy, 19 74). It should be noted that 
other laboratories have found that myosin mRNA can be trans­
lated by extracts of rabbit reticulocytes with no requirement 
for muscle initiation factors (Przybyla and Strohman, 1974; 
Mondai et al., 19 74). 
Changing the level of active 4OS ribosomal subunits 
could also regulate the rate at which ribosomes attach to 
mRNA (item 2, Table 1). Changes in activity of ribosomes 
have been shown to occur in concert with changes in rate of 
protein synthesis in skeletal muscle (Henshaw et al., 1971) 
and in reticulocytes (Kabat, 1970). Henshaw and coworkers 
have shown that systematic variations occur in rate of ^  vivo 
muscle protein synthesis per unit of ribosome and that these 
variations correlate with growth rate in rats. It must be 
admitted, however, that these variations in rate of protein 
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synthesis may originate from nonribosomal components. Kabat 
(19 70) suggests that phosphorylation of ribosomal proteins, 
which occurs only in native, single ribosomes or ribosomal 
submits, may cause differences in ribosome activity. The 
proteins of rat liver ribosomes and ribosomal subunits can be 
phosphorylated vitro by cyclic-AMP-activated protein 
kinases (Traugh and Traut, 1972; Eil and Wool, 1971). It has 
not yet been demonstrated, however, that ribosome function can 
be altered by phosphorylation of a ribosomal protein. 
Phosphorylation has no effect on ribosome function during 
translation of specific cellular mRNAs, during binding of 
ribosomes to endoplasmic reticulum, or in the termination of 
protein synthesis. Acetylation of rat liver ribosomes vivo 
and vitro also seemed to have no demonstrable effect on 
ribosome function (Liew et al., 1973). 
The subunit model of protein synthesis (Figure 1) also 
offers the possibility of controlling protein synthesis by 
binding ribosomal subunits (Kaempfer and Kaufman, 1972; 
Mathews and Wettstein, 1974). The conversion of run-off 
ribosomes into ribosomes inactive in subunit exchange would 
greatly decrease rate of protein synthesis and could be a 
mechanism through which a cell controls the overall level of 
protein synthesis. 
Control of protein synthesis may also be exerted by the 
relative proportions of isoaccepting tRNAs in a particular 
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cell (item 3, Table 1). Different cell types often contain 
different amounts of isoaccepting tRNA species, and this could 
alter the rates of reading of certain mRNA codons. Gerlinger 
and coworkers (1975) showed that mRNAs were translated more 
efficiently in the presence of tRNAs from corresponding tissues 
than with heterologous tRNA preparations. During hemoglobin 
synthesis, ^chain synthesis can be made predominant over 
ûrchain synthesis by limiting amounts of tRNA. The lys-tRNA 
coded by AAG is preferentially incorporated into the ûi-chain 
compared with incorporation of the lys-tRNA coded by AAA 
(Smith, 1975). 
The level of charging of tRNA also governs the rate of 
translational initiation (Vaughan and Hansen, 1973) (item 3, 
Table 2). The uncharged species create instability of the 
charged tRNA species in the presence of aminoacyl-tRNA ligases 
and EF-1 (Hubert et al., 1974). Changes in the patterns of 
protein synthesis during growth and development are accompanied 
by changes in the spectrum of activity of ligases specific 
for different amino acids (Strehler et al., 1967). Ligases 
have been shown to be responsible for the decrease in rate of 
muscle protein synthesis iJn vivo in diabetes (Wooletal., 1968) . 
Muscle cell-sap from potassium-depleted rats also has a 
reduced ability to charge tRNA with leucine (Alexis et al., 
19 71) . 
Rate of elongation of peptide chains in protein synthesis 
is also modulated by other factors, including the concentration 
or activity of elongation factors, the peptidyl transferase 
enzyme, tRNA species, and even small molecules, such as GTP 
(items 4 and 5, Table 1). The presence or absence of elonga­
tion factors bound to ribosomes can influence the behavior of 
these particles in cell-free systems, as shown by the fact 
that salt washing of the ribosomes removes the difference in 
protein synthetic activity of ribosomes from normal and 
protein-deficient rats (Alexis et al., 1972). The concentra­
tion of EF-2, as determined by using the diptheria toxin 
assay, decreases during dietary protein deprivation (Alexis 
et al., 1974); this decrease parallels the decrease in muscle 
RNA that occurs during this same period (Alexis et al., 1974). 
That five-day refeeding returns the EF-2 concentration to 
normal (Alexis et al., 1972), however, suggests that EF-2 is 
not rate-limiting in muscle protein synthesis because availa­
bility of EF-2 to ribosomes did not change during the altered 
muscle growth. When conditions favor a high growth rate, 
much of the EF-2 in the cell is found in the cell-sap, whereas 
when protein synthesis is restricted, a large proportion of 
the factor is found associated with the 80S ribosome. Hence, 
it is still unclear whether the availability of elongation 
factors modulate muscle protein synthesis in the animal. 
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Factors Affecting Protein Synthesis in Muscle 
There have been many recent investigations of the control 
mechanisms of protein biosynthesis in muscle. Some of these 
studies have involved isolation and characterization of 
certain size classes of polysomes responsible for synthesis 
of specific muscle proteins (Heywood et al., 1967; Lazarides 
and LukenS/ 1971), the comparison of protein biosynthesis in 
muscle to that of other tissues (Munro, 1970), and the 
effects of nutrition, diseases, hormone action, trophic 
factors, and numerous other factors that affect rate of 
muscle protein biosynthesis (Young, 19 70 and 1974; Trenkle, 
19 74) . 
Tissues may increase in size during growth either by an 
increase in the number of cells constituting the tissue 
(called hyperplasia) or by an increase in size of the individ­
ual cells in the tissue (called hypertrophy). Although there 
is a modest increase in muscle fiber or cell number during 
embryonic development and prenatal growth, almost all post­
natal muscle growth is due to an increase in the diameter and 
length of the existing muscle fibers (Bendall and Voyle, 1967; 
Enesco, 1961). Increase in muscle cell length during growth 
is accomplished mainly by addition of new sarcomeres at the 
ends of the myofibrils that fill approximately 70 to 80 percent 
of the interior volume of the mammalian skeletal muscle cell 
(Goldspink, 1968). Although the number of nuclei in muscle 
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tissue also increases during growth, this increase is due 
entirely to division of cells lying outside the multinucleated 
muscle cell. None of the nuclei in multinucleated skeletal 
muscle cells ever undergo mitosis once they are in a multi­
nucleated cell. There is likely a theoretical upper limit 
to muscle cell size because of protein turnover in the cell. 
Thus, a certain proportion of total ribosomes in a muscle 
cell will have to be used simply to replace those proteins 
degraded during turnover and products of their synthesis do 
not appear as net growth. Growth stops when the rates of 
synthesis and degradation are balanced. 
Although intracellular protein turnover has been widely 
considered to be first-order in protein concentration, and 
therefore to be a random process with respect to which proteins 
are degraded, it has been suggested that myofibrillar protein 
turnover is nonrandom. In the diaphragm (Morkin, 1970) and 
the heart (Morkin, 1974), myofibrils seem to be renewed by 
addition of newly synthesized myofilaments to the periphery 
of the myofibril. Such addition of myofibrils indicates 
that turnover can not be completely random (Martin et al., 
1974). A nonrandom mechanism for turnover of myofibrillar 
protein is also suggested by the presence of a separate pool 
of newly synthesized myosin, which is highly labelled and 
preferentially extractable from the bulk of the myosin in the 
muscle cell (Etlinger et al., 1975). Finally, nonrandom 
38 
myofibrillar protein turnover is also indicated by the way 
highly labelled amino acids disappear after a pulse of radio­
active amino acids during starvation when myofibrillar 
diameter is decreasing (Goldspink, 1965). The peripheral 
highly labelled myofilaments were degraded rapidly while loss 
of radioactivity was very high (Millward, 1970). This 
indicated degradation of a highly - labeled protein pool and 
suggests that this pool is associated with the peripheral 
portion of myofibrils. Although radioactively-labeled amino 
acids seem to be retained during rapid growth when muscle 
degradation is increased (Goldberg, 1969a, b; Young et al., 
1971), such retention may be due to the large-diameter 
myofibrils splitting longitudinally to form daughter myofibrils. 
The peripheral myofilaments, which would be highly labelled 
after a radioactive pulse, would tend to be spared from turn­
over during rapid muscle growth that was accompanied by 
increased myofibrillar splitting because those parts of the 
myofibril or individual myofilaments themselves that become 
unattached during the splitting process would be preferen­
tially degraded. 
Rates of protein synthesis and degradation differ in 
different muscle fiber types, such as red and white muscles. 
Such muscles have different metabolic activities according 
to their particular physiological functions. For example, 
darker or "red" muscles have a greater uptake of amino acids 
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(Goldberg, 1967), higher basal rates of protein turnover 
(Goldberg et al., 1975) and greater concentrations of RNA 
(Goldberg, 1967) than do light or "white" muscles. Anatomical 
location of muscles within the limb is important to muscle 
size because it affects contractile activity which is one of 
the factors involved in determining muscle size (Goldberg 
et al,, 19 75; Goldspink, 1974) and sarcomere number (Williams 
and Goldspink, 1971) . Specific radioactivity following 
administration of labeled amino acids is greatest for globular 
proteins of the sarcoplasma, followed by myosin, actin, and 
collagen (Funabiki and Kandatsu, 1968). Hence, turnover rates 
of sarcoplasmic proteins are greater than for myofibrillar 
proteins. 
Skeletal muscle is one of the tissues affected by altera­
tions in the diet. Optimum growth requires an adequate supply 
of amino acids and ATP, which are primary substrates for 
protein synthesis (Munro, 1970). Amino acid supply is not 
rate-limiting under most normal physiological conditions 
because demands for amino acids can be met by protein break­
down in tissues, and little more than the requirements for 
growth need to be supplied from exogenous sources. Energy 
supply is more likely to be limiting, because energy must be 
supplied at the overall rate of protein synthesis and the 
energy cost of protein synthesis is substantial (Payne and 
Water low, 1971) . 
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Dietary protein deficiency greatly reduces rate of both 
sarcoplasmic and myofibrillar protein synthesis in muscles 
(Waterlow and Stephen, 1966), as determined by a decrease in 
rate of amino acid incorporation into protein per mg of 
ribosomal RNA isolated from skeletal muscle (Von der Decken 
and Omstedt, 1972; Young and Alexis, 1968). Although dietary 
protein deprivation causes rates of both protein synthesis 
and protein degradation to decrease in muscle, this treatment 
increases the rates of both protein synthesis and protein 
degradation in liver (Garlick et al., 1975). Hence, it is 
important to specify the tissue being studied when discussing 
the effects of dietary manipulation on rates of protein 
synthesis or degradation. Low protein diets or fasting also 
decreases the proportion and amount of large ribosome aggre­
gates in muscle, and reduces cellular RNA and protein content 
in muscle, as measured by RNA/DNA and protein/DNA ratios 
(Allison et al., 1963). DNA content in muscle is not decreased 
by a protein-free diet (Howarth and Baldwin, 1971; Wannemacher 
and Allison, 196 8). Both total and microsomal RNA but not 
tRNA are related to rate of muscle protein synthesis (Howarth, 
1972). Therefore, it has been concluded that rRNA concentra-' 
tion, which is the major proportion of microsomal RNA, is a 
major determinant of the rate of muscle protein synthesis 
(Allsion et al., 1963; Wannemacher and Allison, 1968). 
Ribosomal RNA concentration also seems to be related to rate of 
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protein synthesis in the liver. Because synthesis of the 
proteins in skeletal muscle ribosomes is dependent on quality 
and quantity of dietary protein, the amount of rRNA can be 
used as a measure of nutritional status by assuming that 
availability of substrate regulates the amount of protein 
synthesis machinery, such as rRNA (Omstedt et al., 1973; 
Wannemacher, 19 72). The effects of dietary amino acid 
deficiency on muscle ribosome content are readily reversible 
because feeding a single protein-containing meal to protein-
deficient rats restores protein synthesis by isolated muscle 
ribosomes (Von der Decken and Omstedt, 19 70). Continued 
protein refeeding causes a linear increase in muscle RNA 
content (Howarth, 1972) . When supplied with a nutritionally 
adequate diet, maximum growth rate is limited by the accompany­
ing high rate of protein degradation. 
The decline in growth rate during senescence results from 
a decline in protein synthesis, occurring largely because both 
activity and concentration of polysomal RNA and RNA in the 
pH5 enzyme fraction decreases (Srivastava, 1969a, b). The 
effect of animal age on muscle RNA content and rate of muscle 
protein biosynthesis in mice (Millward et al., 1975; 
Srivastava and Chaudhary, 1969) and on muscle RNA content in 
pigs (Tsai et al., 1973) has been studied. Both muscle RNA 
content and rate of protein synthesis decreased very rapidly 
as the animals reached maturity and remained constant after 
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that period. Quantity of cellular ENA may be regulated by 
ribonuclease activity, which in turn, may be regulated by 
different levels of ribonuclease inhibitor (Rosso et al., 
1973) . 
Exercise has a hypertrophic effect on muscle because it 
increases cross-sectional area of the muscle without altering 
the number of muscle cells. This increase in cross-sectional 
area is caused by an increase in the number of myofibrils 
within the fiber and is accompanied by an increase in the 
number of nuclei and the amount of DNA in muscle tissue. As 
indicated previously, however, this increase in number of 
nuclei and DNA content originates entirely from mitotic 
divisions of nuclei in cells other than the multinucleated 
skeletal muscle cells. Changes in the content and type of 
muscle cell proteins similar to these changes caused by 
exercise have also been shown to occur after cross-
reinnervation (Guth, 1972) . The need for increased oxygen 
during exercise induces an increase in capillary density in 
muscle tissue, and this causes an increase in blood flow to 
the muscle. Goldberg (1969a, b) showed that work-induced 
hypertrophy of rat skeletal muscle results from the combined 
effects of an increase in rate of protein synthesis and a 
decrease in rate of protein degradation. Exercise also 
increases rate of amino acid transport into muscle cells 
(Goldberg, 1972). Strengthening exercises cause contractile 
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myofibrillar protein to hypertrophy; whereas, endurance type 
of exercises cause the sarcoplasmic proteins to hypertrophy 
(Gordon, 1967). 
As indicated in the preceding paragraph, cells can 
regulate the rate of protein synthesis and the rate of protein 
degradation independently. For example, muscle hypertrophy 
following administration of growth hormone results from an 
increased rate of protein synthesis with no change in rate of 
protein degradation. Rate of muscle protein biosynthesis is 
greatly affected by altering the concentrations of several 
hormones, either by destroying the tissue that produces the 
hormone or by supplementing an animal with additional doses 
of the hormone. Although the mechanism by which hormones 
exert their effect is still unclear for most hormones, it is 
known that hormones can cause growth or differentiation in 
their target tissue by changing the complement of cellular 
proteins. Different steroid hormones stimulate protein 
synthesis within hours after a single injection into hormone-
deficient animals. Some hormones may exert their effects by 
altering translation of mRNA into protein. These alterations 
could involve a variety of potential regulatory steps, such 
as those associated with interaction of mRNA strands with 
protein synthesis initiation factors or ribosomes. 
Several hormones act in a concerted way to regulate 
protein metabolism of muscle cells. Because circulating 
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plasma levels of hormones are similar in most species 
(McAtee and Trenkle, 19 71), the different growth rates and 
mature body sizes of different animal species probably are 
not related in any simple way to circulating hormone concen­
trations. There are interactions among neural and hormonal 
influences on muscle cells because denervation of a muscle 
cell alters the sensitivity of that cell to the hormones, 
testosterone (Beresova et al., 1972) and insulin (Harris 
and Manchester, 1966). 
Insulin and growth hormone have the greatest effects 
on protein synthesis in muscle; all muscle proteins are 
synthesized at reduced levels in the absence of these two 
hormones. Insulin, whose secretion is caused by elevated 
protein intake and glucose levels in the blood, is required 
for normal growth. Insulin increases rate of amino acid 
incorporation into muscle protein (Manchester and Krahl, 
1959; Snipes, 1967), the proportion of ribosomes attached to 
itiRNA, polysome formation (Manchester, 1974; Stirewalt et al., 
1967; Wool et al., 1968; Young et al., 1971), the biosynthetic 
activity of ribosomes in a cell-free system (Wool and 
Cavicchi, 1966), the rate of amino acid binding to tRNA, and 
stimulates RNA polymerase activity (Baseman et al., 1974). 
Activity of muscle polysomes is greatly decreased in alloxan 
diabetic rats, partly because the polysomes contain a smaller 
number of ribosomes (Wool and Cavicchi, 1966). Administering 
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insulin to diabetic rats increases aggregation of the poly­
somes even when protein synthesis is inhibited by actinomycin, 
and restores a cycloheximide-inhibited incorporation of amino 
acids into protein by polysomes (Hider et al., 1971a). 
Insulin does not seem to stimulate protein synthesis 
when muscle tissue is incubated with high concentrations of 
amino acids (Goldstein and Reddy, 19 70), but the absence of 
both insulin and amino acids decreases protein synthesis 
and increases rate of protein degradation in isolated muscles 
(Fulks et al., 1974) or perfused hearts (Morgan et al., 1971). 
These results indicate that part of insulin's effect on muscle 
cells is due to the ability of insulin to enhance rate of 
amino acid transport into muscle cells (Hider et al., 1971b). 
Both Hider and coworkers (1971b) and Millward (1970) indicate 
that extracellular amino acids are preferentially incorporated 
into proteins in muscle cells. If this is generally true, 
it is easy to understand that rate of amino acid transport 
into muscle cells would be closely related to rate of protein 
synthesis in these cells. 
Pituitary growth hormone seems especially important to 
proper muscle cell differentiation and development. Growth 
hormone affects muscle protein synthesis primarily by regulat­
ing RNA polymerase activity (Florini and Breuer, 1966). 
Growth hormone administration to hypophysectomized rats 
increases the yield and specific activity of polysomes in 
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protein synthesis without changing rate of muscle protein 
degradation (Goldberg, 1969a, b). Cortisone and the glucocorti 
coids, in excess, cause muscle atrophy by both increasing rate 
of protein degradation and decreasing rate of protein 
synthesis; both myofibrillar and soluble sarcoplasmic proteins 
are affected similarly by cortisone and the glucocorticoid 
hormones (Breuer and Florini, 1965; Bullock et al., 1968; 
Goldberg, 1969a, b). 
The neuromuscular relationship has become increasingly 
important as information accumulates to show that the nervous 
system exerts a profound influence on synthesis of muscle 
proteins beginning with the earliest stage of muscle develop­
ment and continuing throughout life of the animal. Denervation 
has unique effects on muscle cells. During the first three to 
seven days after denervation, muscle cells hypertrophy because 
individual muscle cells increase in size. After approximately 
seven days, muscle cells atrophy (Gauthier and Dunn, 1973; 
Goldspink, 1976; Swatland and Cassens, 1974). It has been 
shown that denervation hypertrophy is due to increased muscle 
protein synthesis; the protein synthesized during this period 
may contain large amounts of hydrolytic enzymes that could then 
cause the subsequent increased rate of catabolism during 
atrophy (Gauthier and Dunn, 1973; Goldberg, 1969b, 1972; 
Manchester, 19 74). Consequently, denervation atrophy is a 
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situation where modifications of both degradative and synthetic 
rates are important in regulating amounts of tissue protein. 
Cross-reinnervation of different muscle fiber types has 
been shown to change enzyme activity patterns and the type of 
proteins synthesized within muscle cells. These findings 
suggest that nerves may somehow regulate protein synthesis 
by altering gene expression. That muscle activity caused by 
nerve stimulation reduces the rate of muscle atrophy, shows 
that a muscle depends upon its innervation not only to 
stimulate its motor activity, but also for its well-being 
as a differentiated tissue (Hall-Craggs, 1974). 
Double-muscling (DM) is an interesting genetic disorder 
found in most breeds common in the United States of America 
with the possible exception of the Brahman breed (Kidwell 
et al., 1952; Oliver and Cartwright, 1968). Double-muscling 
was first described in 1807 in cattle native to the low 
countries of Western Europe (Oliver and Cartwright, 1968). 
The genes for double-muscling were evidently introduced to 
the modern cattle breeds through the Shorthorn breed. The 
superior carcass cutability or yield of edible muscle obtain­
able from animals having this trait suggest that this 
condition should be studied to determine whether this same 
muscling characteristic could be introduced into all bovine 
animals. Unfortunately, animals homozygous for double-
muscling have severe reproduction problems and as it is not 
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economically feasible to simply select for double-muscling in 
selective breeding programs. "Double-muscled" animals have 
underdeveloped reproductive tracts (Oliver and Cartwright, 
1968), are subject to macroglossia (tongue hypertrophy) and 
reduced viability, and have a high susceptibility to stress 
(Holmes et al., 1973). Animals heterozygous for the double-
muscling trait often exhibit enhanced muscling similar to 
homozygous double-muscled animals but do not have some of the 
disadvantages of the homozygous animals. As a result, 
heterozygous double-muscled animals have sometimes been 
favored in selective breeding programs. Selection for 
heterozygous double-muscled animals ultimately leads to 
production of animals homozygous for the double-muscled trait 
and therefore must be avoided if possible. 
Carcasses of homozygous, double-muscled animals have a 
very high proportion of edible muscle both because they contain 
large amounts of muscle and because they have very little 
subcutaneous and intermuscular fat (Butterfield, 1966; 
Hendricks et al., 1973; Kidwell et al., 1952; Pomeroy and 
Williams, 1962). The enlarged musculature of double-muscled 
animals causes these animals to have definite grooves between 
the muscles of their hindquarter and an appearance of 
"Shoulder separation" in the forequarter (Oliver and Cartwright, 
19 68; Lauvergne et al., 1963). The very low fat content of 
carcasses from double-muscled animals suggests that these 
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animals have an altered fat metabolism as well as an unusual 
muscle protein metabolism. Although it sometimes has been 
indicated that some intramuscular fat or marbling is necessary 
for the most palatable meat, palatability studies have 
failed to reveal any marked differences in palatability between 
meat from normal and from double-muscled animals (Carroll 
et al., 1978; Kidwell et al., 1952; West et al., 1973). 
Kieffer and coworkers (1972) have listed the gross 
anatomical characteristics of the double-muscled syndrome. 
Despite their name, double-muscled animals do not actually 
have two sets of muscles. Rather, individual muscles are 
greatly enlarged or hypertrophied. Double-muscling is 
inherited as though it were caused by a single pair or set 
of genes (Oliver and Cartwright, 1968) , but it is still 
unclear whether a dominant gene set (Lauvergne, etal., 1963) or 
recessive gene set (Kidwell et al., 1962; Kieffer et al., 
1972; Oliver and Cartwright, 1968) is involved. The pheno-
typic expression of double-muscling can be variable, and 
partial dominance, incomplete recessiveness, incomplete 
penetrance, or gene modifiers could be involved, either 
singly or in various combinations. Present evidence favors 
some sort of monohybrid autosomal type of inheritance 
(Rollins, et al., 1972). 
Future, more detailed studies of double-muscled cattle 
will require a method for genotypic classification of 
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double-muscling to separate the normal and heterozygous double-
muscled genotypes, unequivocally. Methods of fiber typing 
and characterization of histological traits have been proposed 
for genotypic classification of double-muscled animals. 
Homozygous, double-muscled animals have larger and more 
fast-twitch, glycolytic muscle fibers than normal animals 
(Hendricks et al., 1973; Holmes and Ashmore, 1972). Histo-
chemical tests for myosin ATPase activity indicates that 
muscle from homozygous double-muscled animals contains fewer 
slow-twitch, oxidative fibers and more fast-twitch, glycolytic 
and fast-twitch, oxidative-glycolytic fibers than muscle from 
normal animals. A hypertrophy gradient may also exist in 
muscles of double-muscled animals with the deepest muscles 
being the least hypertrophied and hypertrophy increasing 
superficially (Pomeroy and Williams, 1962). The extent of 
hypertrophy in different muscles has also been studied 
(Boccard and Dumont, 1974). Swatland and Cassens (1972, 
1974) proposed that muscle enlargement in double-muscled 
animals is caused by an increased number of myofibers in 
transverse sections of muscles. This increase in fiber number 
may be due to an increase in length and extent of overlap 
of intrafascicularly terminating fibers, with individual 
fibers extending through a greater length of the muscle. 
The enlarged muscles in double-muscled animals have a greater 
than normal number of branched terminal axons. It is not 
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clear whether the increase in number of terminal axons in 
double-muscled cattle is associated with multiple innervation 
of single myofibers or whether the greater number of terminal 
axons is due to the need to innervate a larger number of 
myofibers in muscles from double-muscled animals. Boccard 
and Dumont (19 74) also theorized that hypertrophy of peripheral 
muscles in double-muscled animals originate from a general 
collagen deficiency which allows the muscles to expand to a 
larger size than customary. 
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CHAPTER III: MATERIALS AND &1ETH0DS 
Unless otherwise specified, all sample preparations were 
done in the cold at 0 to 4°C. All solutions were precooled 
and were prepared by using double-deionized, distilled water 
that was redistilled in glass and stored in polyethylene 
containers. Glassware was autoclaved at 160°C for 90 minutes 
to destroy all RNase activity. RNase-free sucrose was from 
Schwarz-Mann. 
Bovine lonqissimus dorsi and porcine semitendinosus 
muscles were obtained as soon as possible after exsanguination 
at the Iowa State University Meat Laboratory. The excised 
muscles were immediately transported to the coldroom (2 to 
4°C) where they were trimmed free of fat and connective tissue. 
The trimmed muscle tissue was cut into cubes, 2 to 4 mm on a 
side, with a knife and was then used directly for preparation 
of polysomes, cell-sap enzymes, or pH5 enzymes (see subsequent 
sections). Generally, twenty to forty minutes ensued between 
exsanguination and the first homogenization step of the 
preparation. MCE was not added to the solutions used in the 
preparative procedures until just before use. Unless otherwise 
specified, all centrifugations were performed at 4°C. 
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Preparative Procedures 
Muscle polysomes 
Polysomes were prepared from skeletal muscle according to 
the procedure shown in Figure 2. One-hundred g of minced 
muscle was homogenized in two volumes (w/v) of SKTMl buffer 
(see Table 2) by using a Vir Tis "60" homogenizer having two 
blades (Figure 2). Centrifugation of the homogenate at 
13,000 xgmax for 15 min sediments nuclei, mitochondria, and 
cell debris. Filtering the supernatant through a double 
layer of cheesecloth removes some lipid material; this lipid 
is then added to the sediment containing the nuclei, 
mitochondria, and cell debris (step I, Figure 2), and this 
mixture is re-extracted by homogenizing and centrifuging a 
second time (Figure 2). This re-extraction was done to 
increase the final yield of polysomes (see Results). 
Supernatant from the first extraction is called the 1st 
post-mitochondrial supernatant (PMS#1). 
Centrifugation at 150,000 xg^ax for 90 min (Step III, 
Figure 2) sediments microsomes, polysomes, and glycogen 
and produces a pellet that is called the microsomal pellet. 
The Of-amylase used to treat the resuspended microsomes 
(step IV, Figure 2) was from Sigma (type 1-A) and contained 
25 mg protein/ml with a specific activity of 650 units/mg 
protein (one unit of activity is defined as the amount of 
Figure 2. Flow sheet showing preparation of polysomes from 
porcine and bovine skeletal muscle. 
Bovine longissimus dorsi and porcine semitendinosus 
muscles were used. All volumes of solutions are 
based on 100 g wet weight of minced muscle tissue 
used in step 1. 
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Preparation of Polysomes from Porcine 
and Bovine Skeletal Muscle 
Minced muscle. 100 g wet weight 
1) Suspend in 200 ml of SKTMl with 
two 15-sec bursts 1 min apart 
on a Vir Tis homogenizer at 
10,000 RPM. 
2) Centrifuge at 13,000 xg for 
15 min. 
Supernatant = PMS#1 
1) Strain through double 
layer cheesecloth. 
II. Sediment 
1) Repeat Step 1, include lipid 
layer from PMS#1, use one 20-
sec burst of homogenizer. 
2) Centrifuge at 13,000 xg for 
15 min. 
1 Sediment 
(discard) 
III. Supernatant = PMS#2 
1) Strain through double layer of 
cheesecloth. 
2) Combine PMS#1 & PMS#2. 
3) Centrifuge at 150,000 xg for 
90 min. 
SupeLnatant 
(discard) 
IV. Sediment = Microsomal Pellet 
1) Suspend in 25 ml of SKTMl with 
3 strokes of loose fitting 
Bounce homogenizer (A pestle). 
2) Add 2.5 mg a-amylase and mix 
with magnetic stirrer for one hr 
at 0 to 4°C. 
3) Centrifuge at 2,000 xg for 
10 min. 
1 
Sediment 
(discard) 
V. Supernatant 
1) Layer 15 ml on 10 ml of 2M 
sucrose in SKTMl. 
2) Centrifuge at 105,000 xg 
for 16 hr. max 
1 
Supernatant 
(discard) 
VI. Sediment = Purified Polysomes 
1) Suspend in KTM. 
2) Do protein analysis of suspension 
3) Measure absorbance at 280, 260, 
and 235 nm. 
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Table 2. Composition of buffers used in isolation of 
polysomes and cell-sap enzymes 
Buffer Composition 
SKTMl 100 mM Sucrose 
250 mM KCl 
50 MM Tris-HCl, 
10 mM MgCl-
6 mM MCE 
SKTM2 100 mM Sucrose 
60 mM KCl 
50 mM Tris-HCl, 
10 mM MgCl, 
6 mM MCE 
SKTM3 100 mM Sucrose 
60 mM KCl 
50 mM Tris-HCl, 
4 mM MgClp 
6 mM MCE 
KTM 60 mM KCl 
50 mM Tris-HCl, 
4 mM MgCl-
6 mM MCE 
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enzyme that liberates one mg of maltose from starch in 3 min 
at pH 6.9) 
After centrifugation through the 2M sucrose layer, the 
supernatant and sucrose layer are carefully withdrawn with a 
pipette, and if large amounts of extraneous material remained 
attached to the wall of the tube, the inside of the tube is 
wiped carefully so as not to disturb the polysome pellet. 
This polysome pellet may be frozen in place in the tube at 
-70°C and maintained at -29°C up to 6 months without loss of 
activity. Whenever polysomal pellets were to be frozen in 
this manner, approximately 0.5 ml of KTM buffer (Table 2) was 
positioned to completely cover the frozen polysomal pellet 
with a layer of frozen buffer. This prevents dehydration 
of the pellet during frozen storage. When resuspending either 
the frozen or fresh pellet, KTM buffer is used to rinse the 
bottom of the tube free of sucrose and debris without disturbing 
the pellet. A Pasteur pipette is then used to resuspend the 
polysomes in KTM buffer; resuspension was done carefully so 
as not to form bubbles and using the gentlest possible action 
to remove the pellet. Final solution of the pellet was done 
by using gentle shaking on a laboratory rotator at 300 RPM 
(Model G2, New Brunswick Scientific Company) for 1 to 2 hr 
at 2°C. The polysomes are quite pure at this step, and they 
require no additional clarification. Purity of the polysomes 
was determined by measuring absorbancy at 235, 260, and 280 nm 
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and calculating the absorbancy ratios, A260/A280 and A260/A235 
as described by Petermann, (1964). The A260/A280 and A260/A235 
absorbancy ratios of pure polysomes was taken as 1.80 to 1.85 
and 1.50 to 1.55, respectively. 
Cell-sap enzymes 
Cell-sap enzymes were prepared from skeletal muscle 
according to the procedure shown in Figure 3. The minced, 
chilled muscle was homogenized in two volumes (w/v) of SKTM2 
buffer (Table 2) by using a Vir Tis "60" homogenizer having two 
blades (Figure 3). Filtering the supernatant (step II, 
Figure 3) through a double layer of cheesecloth removes lipid 
material. Centrifugation of the filtered supernatant (step II, 
Figure 3) at 226,000 xg^ax 90 min removes ribosomes and 
other particulate material. Three zones are evident in the 
centrifuge tube after this centrifugation: (1) an upper, 
lipid-containing zone; (2) a middle, clear 2one, red in color, 
and; (3) a layer of sedimented material at the bottom of the 
tube. The middle, clear zone is carefully withdrawn by using 
a Pasteur pipette; this material was called the S-339 fraction 
(step III, Figure 3). 
Chromatogrammed cell-sap enzymes To remove free amino 
acids and to effect a buffer change, nine ml of S-339 fraction 
was passed through a 1.5 x 35 cm Sephadex G-10 column that had 
been equilibrated with 8 to 10 void volumes of SKTM3 (Table 2). 
The first 1.5 ml of solution eluted after loading the S-339 
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Preparation of Cell-Sap Enzymes from Porcine 
and Bovine Skeletal Muscle 
Minced muscle, 30 g wet weight 
1) Suspend in 60 ml of SKTM2 with 
a 20-sec burst on a Vir Tis 
homogenizer at 15,000 RPM. 
2) Centrifuge at 13,000 xg^^^ for 
15 min. 
I 
Sediment 
(discard) 
I 
Sediment 
(discard) 
1 
II. Supernatant 
1) Strain through double layer of 
cheesecloth. 
2) Centrifuge at 226,000 xg„^ for 
90 min. 
III. Supernatant = S-339 fraction 
1) Pass through Sephadex G-10 
column (chromatogrammed cell-sap 
enzymes) or dialyze against 50% 
glycerol in KTM buffer (dialized 
cell-sap enzymes). 
Cell-sap enzymes 
Figure 3. Flow sheet showing preparation of cell-sap enzymes 
from porcine and bovine skeletal muscle 
Bovine longissimus dorsi and porcine semitendinosus 
muscles were used. All volumes of solutions are 
based on 30 g wet-weight of minced muscle tissue 
used in Step 1. 
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fraction were discarded, and the next 5 ml of elutant were 
collected and were designated the cell-sap enzyme fraction. 
The cell-sap enzyme fraction normally contained approximately 
10-15 mg protein/ml and 25-30 jug RNA/ml. After dilution to 
the appropriate protein concentration with KTM buffer, the 
cell-sap enzyme fraction was used in the cell-free, amino 
acid incorporation system developed in this study. Dilution 
was always done just before use. 
Dialyzed cell-sap enzymes In some experiments, the 
S-339 fraction was dialyzed for 48 hr against two changes of 
KTM buffer containing 50 percent (v/v) glycerol to remove free 
amino acids and change the buffer composition of this fraction. 
The dialyzed S-339 fraction was called the dialyzed cell-sap 
enzyme fraction. This fraction normally contained approximately 
40 mg protein/ml and 60 iJ,g RNA/ml. The dialyzed cell-sap 
enzyme fraction could be stored at -29° C for up to 6 months 
without losing activity (Heywood and Nwagwu, 1969). 
The pH5 enzymes 
The S-339 fraction (Figure 3) was also used to prepare two 
pH5 enzyme fractions. The S-339 fraction was diluted with 2 
volumes (v/v) of cold, deionized water and pH of the diluted 
solution was adjusted to 5.2 at 4°C by slow addition of cold 
IN acetic acid with constant stirring. After sitting on ice 
for 30 min, the solution was centrifuged at 10,000 xg^ax for 
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15 min. The supernatant was decanted, and the pellet was 
washed twice with KTM buffer; this washing was done gently 
so as not to disturb the pellet. The supernatant and washings 
were combined and were adjusted to pH 7.5 at 24° C by adding 
IN KOH. The pH 7.5 solution was clarified at 10,000 xg^ax 
10 min to produce the pH5 fraction. The pH5 supernatant 
enzyme fraction was a source of elongation factors 1 and 2. 
The pellet sedimented by centrifugation at 10,000 xg^ax 
for 15 min following the initial pH adjustment to 5.2 was 
resuspended in KTM buffer with a Bounce homogenizer (a pestle), 
and the pH was adjusted to 7.5 with IN KOH. This solution was 
clarified by centrifugation at 10,000 xg^ax min to 
produce a pH5 precipitate enzyme fraction. The pH5 precipitate 
enzyme fraction was a source of aminoacyl-tRNA ligases and 
tRNA. Both pH5 enzyme preparations could be stored frozen at 
-29° C for up to 3 months with no loss of activity. 
Analytical Procedures 
Assay of cell-free protein synthesis by muscle ribosomes 
Polysomes and cell-sap enzymes were assayed for their 
ability to incorporate ^^C-leucine into TCA-precipitable 
protein. The reaction mixture contained the following 
constituents in a total volume of 0.1 ml; 50 mM Tris-HCl, 
pH 7.5 at 24°C; 40 mM KCl; 4mM MgClg; 1 mM ATP; 0.2 mM GTP; 
20 mM creatine phosphate; 20 ^ g/ml creatine phosphokinase; 
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6 mM MCE; 0.03 mM of each of 20 different amino acids, and 
2 /iCi/ml (U)-leucine. The 20 amino acids (except for 
glycine, all were L-amino acids) used were: alanine, aspartic 
acid, arginine, cysteine, cystine, glycine, glutamic acid, 
histidine, hydroxyproline, isoleucine, leucine, lysine, 
methionine, phenylalanine, proline, serine, threonine, 
tryptophan, tyrosine, and valine. The solution of L-cysteine 
was prepared fresh and 0.03 jumoles/ml added just before final 
pH adjustment. The reaction was initiated by addition of the 
polysome fraction. All assays were done at 37°C in a shaking 
water bath. 
Concentration of polysomes and the cell-sap enzyme frac­
tions in the incorporation assays will be indicated in the 
individual experiments. When polysomes were rate-limiting, 
the incorporation assay contained a cell-sap enzyme to polysomal 
protein ratio of 400 (w/w) and total amino acid incorporation 
was measured after 1 hr of reaction time at 37° C. When the 
cell-sap enzyme fraction was rate-limiting, the incorporation 
assay contained a cell-sap enzyme to polysomal protein ratio 
of 2.5, and amount of amino acid incorporation was determined 
after 5 min of incubation at 37°C. 
The cell-free, amino acid incorporation reaction was 
terminated by addition of 50 jUg of RNase (Sigma, Type A) in 
0.025 ml followed by incubation for an additional 5 min at 37°C. 
The assay tubes were then cooled to 0°C, and one ml of 
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10 percent TCA (w/v) containing 3 mg/ml of unlabeled leucine 
was added to precipitate protein. It was often convenient 
to allow the tubes to stand over night in an ice bath at this 
step, but if not, the tubes were allowed to stand for a minimum 
of 2 hr to insure complete precipitation of protein. The tubes 
were then centrifuged at 1,000 xg^ax 10 min, and the 
supernatant was discarded. The sedimented protein was 
dissolved in 0.2 ml of IN NaOH at room temperature, and the 
dissolved protein precipitated again by using one ml of 10 
percent TCA (w/v) containing 3 mg/ml cold leucine in an ice 
bath. The insoluble material containing the ^^C-protein was 
collected on pre-wetted filters (934AH glass fiber discs. 
Reeve Angel) by suction. The filters were washed three times 
with 3 ml each time of 10 percent TCA (w/v) containing 3 mg/ml 
cold leucine. The collected protein was solublized by adding 
0.2 ml of 5 percent SDS (w/v; pH unadjusted) to the filters 
at room temperature. After 1 hr, 10 ml of a scintillation 
cocktail containing toluene, methanol, and Triton X-100 in a 
ratio of 5:3:2 (v/v) with 4 g Omnifluor/liter toluene was 
added. Radioactivity in the TCA-precipitable material was 
measured by liquid scintillation spectrometry. CPM's were 
converted to DPM's by using the channels-ratio method to 
calculate efficiencies from the appropriate quench correction 
curve. 
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Blank assay tubes with buffer (KTM) replacing the 
polysomal suspension were run for the same times and under the 
same condibions as described in the preceding paragraphs. 
Net amino acid incorporation (CPM) by the cell-free protein 
synthesis system was calculated by subtracting amount of 
incorporation in the appropriate control tube from amount of 
incorporation in the sample tube. 
Assay of amount of collagen synthesis by muscle polysomes in 
cell-free protein synthesis 
The amount of collagen synthesized by muscle polysomes in 
the cell-free protein synthesis system described in the 
preceding section was determined by measuring sensitivity of 
the synthesized protein to Clostridial collagenase (Peterkofsky 
and Diegelman, 1971). Polysomes isolated from muscle tissue 
were used to support incorporation of amino acids into protein 
in the cell-free protein synthesis system described in the 
preceding section. After the 5 rain incubation with RNase, 
0.25 ng of purified Clostridium histolyticum collagenase 
(Worthington Biochemical) was added to one set of two sets of 
triplicate tubes, and all samples, with or without collagenase, 
were incubated for an additional 30 min at 37°C. Collagenase 
hydrolysis was stopped by adding 1 ml of 10 percent TCA (w/v), 
and the tubes were treated as described in the preceding 
section to precipitate protein and measure the amount of 
radioactivity in the precipitated protein. The difference 
65 
between the two sets of triplicate tubes in amount of radio­
activity in the precipitated protein provided an estimate of 
the amount of collagen peptides solubilized by collagenase 
treatment and hence, the amount of collagen synthesized by 
muscle polysomes prepared with the procedures used in this 
s tudy. 
Aminoacylation of tRNA 
Cell-sap enzymes (0.5 mg protein/0.1 ml assay) were 
incubated in the same reaction mixture used to assay cell-free 
protein synthesis but in the absence of polysomes. Time-
course of the reaction was monitored by removing 0.1 ml 
aliquots from the reaction mixture at 0, 1, 2, 3, 4, 5, 10 
and 20 min and placing them in one ml of cold 10 percent TCA 
(w/v) containing 3 mg/ml cold leucine. These tubes were 
allowed to stand for 30 min in an ice bath and were then 
filtered on pre-wetted 934AH glass filters as described 
previously. Radioactivity of the resolubilized, aminoacylated-
tRNA was determined by liquid scintillation spectrometry. 
The biphasic rate of aminoacylation observed during this 
acylation reaction was used to estimate muscle leucyl-ligase 
activity and the amount of nonacylated-tRNA in the cell-sap 
enzyme preparation. 
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Sucrose density-gradient profiles of polysomes 
Density gradient sedimentation profiles of muscle 
polysomes were analyzed by using 15-40 percent (w/v) linear 
sucrose gradients. The gradients were prepared by dissolving 
the appropriate sucrose concentration in KTM buffer and using 
a Beckman linear gradient maker to form the gradient. 
Approximately 5 ODggg units of polysomal material in 0.05 to 
0.1 ml were layered onto 12.4 ml gradients and centrifuged at 
180,000 xg^^x for 90 min at 4° C (Spinco SW 41 Ti rotor). The 
bottom of the gradient tube was punctured with a Beckman 
fractionating apparatus, and 1.5M sucrose was pumped up through 
the bottom of the tube with a Harvard infusion pump at 1.125 
ml/min. Absorbance of the gradient was monitored during 
unloading by using a flow cell at 260 nm with a Beckman DB-GT 
recording spectrophotometer. The recorder was blanked against 
KTM buffer in 20 percent sucrose (w/v) and was run at 0.5 
inch/min. Position of the monosome peak was calibrated from 
the top of the gradient by using RNase-prepared monosomes. 
SDS-polyacrylamide gel electrophoresis of proteins 
The proteins in the cell-free amino acid incorporation 
assays were analyzed with SDS-polyacrylamide gel electrophoresis. 
Cell-free amino acid incorporation assays were subjected to 
SDS-polyacrylamide gel electrophoresis both with and without 
prior removal of ribosomes by sedimentation. In some instances, 
the supernatant remaining after removal of ribosomes from the 
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cell-free incorporation assay by centrifugation was subjected 
to additional fractionation by lowering KCl concentration to 
25 mM to precipitate myosin or by ammonium sulfate 
precipitation. The precipitated protein in both these 
situations was also analyzed by SDS-polyacrylamide gel 
electrophoresis. Conditions for the SDS-polyacrylamide gel 
electrophoresis were essentially those of Weber and Osborn 
(1969). One-tenth ml of protein solution containing 1.0 mg 
protein/ml was mixed with 0.05 ml of a tracking dye solution 
that contained 4.6 M MCE, 0.03 percent bormophenol blue, 
5.2 percent SDS, 0.065 M sodium phosphate, pH 7.0, and 20 
percent glycerol (v/v). This mixture was heated at 100°C 
for 10 min to insure complete dissociation of proteins to 
sub units. Fifty fj,! of this mixture containing 33 g protein 
were loaded onto 8 to 10 cm gels containing 7.5 or 10 percent 
acrylamide in 0.1 percent SDS, 0.1 M sodium phosphate, pH 7.1. 
Gels were run in 0.1 percent SDS, 0.1 M sodium phosphate at 
6 mA/tube for 5 hr and then were stained for 16 hr with 0.1 
percent Coomassie brilliant blue R (Sigma Chemical Co.) in a 
50 percent (v/v) methanol and 7 percent (v/v) glacial acetic 
acid solution. Destaining was done electrophoretically with 
a Canalco "Quick Gel Destainer". The destaining solution 
contained water; glacial acetic acid; and methanol in a ratio. 
87.5:7.5:5 (v/v), respectively. Gels were stored in the 
destaining solution, and mobilities of the protein bands were 
measured to determine molecular weights. 
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Quantitative determination of protein, RNA^ and glycogen 
Protein content of polysomal preparations was determined 
by using the procedure of Lowry et al. (1951) with bovine 
serum albumin as a standard. Protein content of the cell-
sap enzyme fractions was measured with the spectrophotometric 
method of Ehresmann et al., (1973); bovine serum albumin was 
also used as a standard in this measurement. RNA was 
determined by using Munro and Flecks modification of the 
Schmidt-Tannhauser method (Munro and Fleck, 1969). This 
procedure uses a combination of absorbances at 260 and 232 nm 
to determine RNA. Glycogen was analyzed quantitatively by 
using the colorimetric method of Dubois et al. (1956) with 
calf liver glycogen (Sigma Co.) as a standard. 
Assay of endogenous ribonuclease activity 
Endogenous ribonuclease activity was assayed by the method 
of Barondes and Nirenberg (1962). This procedure measures 
ethanol-soluble material released from ^^C-poly U. The assay 
medium was 25 mM Tris-HCl, pH 7.5 and contained 50 nmoles 
of l^C-poly U in a final volume of 0.10 ml. The assay was done 
at 37°C for 30 min. 
Electron microscopy 
The drop method was used to prepare polysomal preparations 
for observation in the electron microscope. The fixative 
solution was made by mixing 1 part of a 30 percent formalin 
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solution with 4 parts of a solution containing 80 mM KCl, 
50 mM Tris-HCl, pH 7.5 at 24°C, 10 mM MgClg, and 6 mM MCE. 
The fixative solution, which was approximately 7.4 percent 
formalin, was mixed with approximately equal parts of the 
polysome suspension containing 1 to 5 ODggg units/ml by 
adding these two solutions drop for drop. Fixation time was 
for 1 hr at 2°C. A drop of the fixed polysomal suspension 
was allowed to stand on a 400-mesh, carbon-coated grid for 
30 - 90 sec. Excess fluid was then withdrawn by touching 
the edge of the grid with filter paper. In some instances, 
1-3 drops of cold water wash preceded the filter paper 
withdrawal of excess fluid. The stain solution was 1 percent 
uranyl acetate in water with no pH adjustment, and was 
applied for 30 sec. Excess stain was removed by again 
touching the edge of the grid with filter paper. In some 
instances, unfixed polysomal preparations were stained 
directly with uranyl acetate using the same staining procedure 
described for the fixed polysomes. 
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CHAPTER IV: RESULTS 
Before the study described in this thesis was done, no 
procedure had previously been described for isolating from 
skeletal muscle of mature meat producing animals the components 
needed to prepare a cell-free protein synthesis system. As 
indicated in the Introduction of this thesis, there are several 
reasons for wanting to be able to measure the protein synthetic 
capabilities of mature, mammalian muscle objectively and 
accurately. Earlier studies on protein synthesis in mature, 
ffiariimalian muscle indicated that the major problem in attempting 
to prepare components needed for a cell-free protein synthesis 
system from mature, mammalian muscle was the inability to obtain 
functional polysomes from such muscle. Therefore, initial 
efforts in this study were directed at developing a procedure 
for preparation of satisfactory yields of biologically active 
polysomes from mature, mammalian skeletal muscle. Clearly, a 
suitable solution of this problem was prerequisite to any 
additional studies attempting to assay rate of protein synthesis 
in muscle cells from animals differing in physiological status. 
These initial studies monitored both muscle RNA yields during 
different fractionation procedures and purity of polysome 
preparations as measured by A260/A280 and A260/A235 ratios. At 
first, these studies focused on the effects of tissue homogeni-
zation, solvent composition, and pH and endogenous RNase 
activity on yield and purity of muscle polysome preparations. 
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It was subsequently discovered that coisolation of muscle 
glycogen with polysomes was a major source of impurity in 
muscle polysome preparations, and the effect of glycogen on 
isolation of biologically active polysomes from mature, 
mammalian muscle was investigated in detail. 
The second part of the study described in this thesis 
consisted of a series of experiments to determine optimum 
conditions for preparing cell-sap enzymes that would be 
maximally active in a cell-free protein synthesis system 
containing muscle polysomes. Other experiments were done to 
determine pH and ionic conditions that would result in the 
greatest rate of amino acid incorporation into protein by a 
cell-free protein synthesis system. The conditions under 
which cell-sap enzymes are rate-limiting and saturating were 
also defined in the second part of the study. 
After development of a procedure for isolating biologi­
cally active polysomes from mature, mammalian muscle and 
optimizing the conditions in a cell-free protein synthesis 
system that used these muscle polysomes to incorporate amino 
acids into proteins, it was possible to use these procedures to 
determine the differences in rate of muscle protein synthesis 
in physiologically different animals. These experiments are 
described in the third part of this thesis. Two different 
animal models were studied. In one series of experiments, 
differences in rate of muscle protein synthesis between a 
genetic line of bovine animals having pronounced muscle hypertrophy 
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and a normal group of bovine animals were studied. The effects 
of high-energy and low-energy rations on these differences 
were also examined in this same study. The second series of 
experiments measured differences in rate of muscle protein 
synthesis among bovine animals differing widely in chronologi­
cal age. 
Because of the progression of the experiments done in this 
study, the results in this thesis have been divided into 
three major parts: (1) development of a procedure for 
preparing purified polysomes from mature, mammaliam muscle; 
(2) development of procedures for isolation from mature, 
mammalian muscle of components needed for amino acid incorpora­
tion into protein in a cell-free system; and (3) assay of 
ability of polysomes and cell-sap enzymes isolated from 
different types of bovine animals to support cell-free amino 
acid incorporation into protein. Each of these major parts 
contains several subdivisions describing results of the 
different kinds of experiments used to approach the problem . 
Development of a Procedure for Preparing Purified 
Polysomes from Mature, Mammalian Muscle 
Experiments in this part are divided into five different cate­
gories: (1) effect of glycogen on polysome preparation; 
(2) effect of solvent composition and pH on polysome preparation; 
(3) effect of freezing on polysome preparation; (4) RNA fractiona­
tion during polysome preparation; and (5) RNase activity 
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in different subcellular fractions. It was learned during 
this study that the presence of glycogen is probably the 
single greatest detrimental factor influencing purity of 
polysomes prepared from mature, mammalian skeletal muscle 
by using the traditional methods to prepare polysomes, 
and the effect of glycogen on polysome preparation therefore 
will be discussed first in this part. 
Effect of glycogen on polysome preparation 
Although glycogen generally constitutes less than 1 
percent of fresh muscle weight, the density and size of 
glycogen particles are sufficiently similar to the density and 
size of polysomes that it is almost impossible to separate 
glycogen from polysomes by using either density gradient or 
velocity centrifugation procedures. 
Figure 4 shows the distribution of the major subcellular 
components plotted as a function of their density in CsCl 
and their sedimentation coefficient (the log of sedimentation 
coefficient is plotted because most components differ by 
orders of magnitude in sedimentation coefficient or size). 
The distribution in Figure 4 clearly illustrates that glycogen 
has almost the same density as polysomes, and although glycogen 
particles are very heterogeneous in size and sediment with a 
wide range of different sedimentation coefficients, the range 
of sedimentation coefficients of glycogen (number 7, Figure 4) 
completely brackets the range of sedimentation coefficients 
Distribution of subcellular components according 
to their sedimentation coefficient and banding 
density in CsCl. [Components are: (1) soluble 
proteins; (2) membranes with attached particles; 
(3) smooth membranes; (4) mitochondria; (5) nuclei 
(6) ribosomal subunits, ribosomes, and polysomes; 
(7) glycogen; (8) RNA; (9) poliovirus; (10) T3 
bacteriophage; (11) adenovirus, type 2. 
Reprinted from Anderson (1966)]. 
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of polysomes (number 6, Figure 4). Although muscle cells 
contain relatively little glycogen relative to their total 
protein content, they contain much smaller amounts yet of 
polysomes. That glycogen and polysomes will be co-purified 
by all conventional procedures that use velocity or density-
gradient centrifugation, therefore, indicates that glycogen 
will be a major contaminant in any polysomal preparation; 
indeed, such preparations would be expected to contain more 
glycogen than polysomes because muscle cells would usually 
contain more glycogen than polysomes. 
Highly purified OHamylase degrades neither RNA nor protein 
but will degrade glycogen almost completely to maltose and 
iso-maltose units. Consequently, it seemed likely that 
treatment of muscle homogenates with O-amylase would degrade 
the glycogen in these homogenates into smaller particles that 
would not co-sediment with polysomes without affecting the 
polysomes themselves. A series of experiments were done, 
therefore, to determine the stage in polysomal preparation at 
which a-amylase treatment would produce the greatest increase 
in purity of muscle polysome preparations. These experiments 
used absorbancy ratios of A260/A280 and A260/A235 as a criteria 
of purity of the final polysome preparation. RNA absorption is 
maximal at 260 nm, whereas protein absorbs more strongly at 
280 nm and much more strongly at 235 nm than at 260 nm. 
Absorption at 280 nm is due to the aromatic amino acids in a 
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protein. If the extraneous protein happens to contain few or 
no aromatic amino acids, low absorption at 280 nm would not be 
a valid indication of absence of contaminating protein. 
Consequently, absorption at 235 nm was also used to measure 
polysome purity. The A260/A280 and A260/A235 ratios always 
gave the same values for purity of all the polysome preparations 
measured in this study. Highly purified polysomes should have 
absorbancy ratios at A260/A280 and A260/A235 of 1.80 - 1.85 
and 1.50 - 1.55, respectively. The ratio of mg RNA/mg protein 
in highly purified polysomes should be approximately 1.20. 
Experiments using amylase treatment at different stages 
in the procedure developed for purification of polysomes 
(Figure 2) showed that amylase treatment of either the first 
or second post-mitochondrial supernatant (step II or III, 
Figure 2) resulted in very little improvement in purity of the 
final muscle polysome preparation (Table 3). Alpha-amylase-
treatment of the resuspended microsomal fraction obtained during 
muscle polysome preparation (step IV, Figure 2), however, 
resulted in highly purified polysomes as indicated by A260/A280 
and A260/A235 ratios (Table 3) . Ten units of amylase 
treatment produced substantial improvement in purity of the 
final muscle polysome preparation, but 40 units of a-amylase 
treatment were necessary to obtain highly purified muscle 
polysomes (Table 3). 
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Table 3. Effect of oramylase treatment on purity of polysomes 
isolated from bovine longissimus dorsi muscle 
Absorbancy of final 
preparation 
Stage of ûf-amylase Amount of A260 A260 
treatment ûf-anylase used^ A280 A235 
PMS #1 40 units/ml 1. 25±0 .03^ 0 .66±0 .03 
PMS #2 40 units/ml 1. 27±0 .06^ 0 .62±0 .05 
Resuspended 40 units/ml 1. 86±0 .02^ 1 .60±0 .03 
microsomes 
Resuspended 10 units/ml 1. 72±0 .07^ 1 .44±0 .02 
microsomes Vv 
No treatment 1. 14±0 .04^^ 0 .48+0 .04 
^One unit of enzyme liberates 1 mg maltose from starch in 
3 min at pH 6.9 and 20°C. Solutions were incubated at 4°C for 
1 hr with slow stirring by a magnetic stirrer. 
^Figures are means plus or minus standard errors of 5. 
determinations done on 5 different preparations. 
"^Figures are means plus or minus standard errors of 2 
determinations done on 2 different preparations. 
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Although the low A260/A280 and A260/A235 ratios obtained 
for polysome preparations made without using amylase treat­
ment strongly suggests that glycogen is a major source of 
impurity in these preparations, this circumstantial evidence 
does not by itself prove that glycogen is the material that is 
being co-isolated with polysomes and that is being removed by 
Ot-amylase treatment. Direct glycogen analysis of the different 
fractions obtained during the steps developed in this study for 
preparing polysomes demonstrates that glycogen is indeed 
co-isolated with polysomes (Table 4). Approximately 95 percent 
of the glycogen originally present in muscle is in the resus­
pended microsome fraction (Table 4). Although sedimentation 
through the 2.0 M sucrose layer removes much of this glycogen 
(only approximately 2 percent of total glycogen remains after 
sedimentation through 2.0 M sucrose; Table 4), the 3 mg of 
glycogen that still remains with the pellet sedimented through 
the 2.0 M sucrose layer represents a substantial part of the 
total organic material in the pellet. Quantitative glycogen 
analysis also confirmed the remarkable efficiency of amylase 
in eliminating glycogen from the polysomal preparation (Table 
4). Only approximately 4 percent of total glycogen remains in 
the resuspended microsomal fraction after ûramylase treatment, 
and the amount of glycogen in the polysomal pellet sedimented 
through a 2.0 M sucrose layer is reduced 200-fold from 3 mg 
to 15 jug if the resuspended microsomes have been treated with 
Ot -amylase (Table 4) . 
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Table 4. Glycogen concentration in polysome fractions at 
different stages of polysome purification from 
bovine longissimus dorsi muscle 
% Total 
Glycogen 
Total Remaining 
Stage of Glycogen Glycogen in in Polysome 
Purification Concentration Fraction Fraction 
Muscle 1. 89 mg/g ±0.16^ 189 mg^ 100.00 
homogenate 
PMS #1 and 2 0. 60 mg/ml±0.03 186 mg 98.4 
Resuspended 5. 90 mg/mliO.46 179 mg 94.9 
microsomes 
Resuspended ^ 0. 24 mg/mliO.01 7 mg U)
 
microsomes 
Polysomes^ 0. 03 mg/mliO.Ol 0.015 mg 0.008 
Polysomes® 5. 00 mg/ml±0.05 3 mg 1.6 
^Figures are means plus or minus standard error on 3 
separate preparations. 
^Glycogen concentration per 100 g fresh weight of muscle. 
^After treatment with a-amylase, 40 units/ml for 1 hr. 
^Polysomes after (K-amylase treatment; purity A260/A280 = 
1.86; A260/A235 = 1.52. 
^Polysomes that had received no amylase treatment during 
preparation; purity A260/A280 = 1.12; A260/A2 35 = 0.48. 
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Density gradient centrifugation profiles of purified 
polysomes obtained from bovine longissimus dorsi or porcine 
semitendinosus muscle are shown in Figure 5. Polysomes used 
for these experiments were obtained by treating the resuspended 
microsomal fraction (step IV, Figure 2) with 40 units of 
Of-amylase. The profiles shown in Figure 5 are typical of 
those obtained in this study for highly purified polysomes 
from porcine and bovine tissue, although in a few instances, a 
much smaller monosome peak (80S) was obtained relative to 
the amount of aggregated polysomes in the lower portion of the 
sucrose gradient. It was found that height of the monosome 
peak seemed to vary slightly depending on how quickly the 
polysomes could be extracted from muscle after exsangination 
of the animal and also seemed to vary among different animals. 
In one experiment where polysomal preparation began within 20 
min after exsanguination, almost no monosome peak was seen in 
the density gradient profile of the resulting purified polysomes 
(Figure 6). The particular animal used in this experiment also 
seemed to affect the amount of mo nosomes obtained in the 
purified polysome preparation because delaying polysomal 
preparation until 2 hrs after exsanguination of this animal 
still resulted in a polysomal preparation that contained a 
lower proportion of 80S monosomes than was usually obtained 
(cf, Figure 5 and Figure 6). The possible cause for this 
variation in proportion of 80S monosomes obtained in purified 
Figure 5. Density-gradient centrifugation on 15 - 40 percent 
linear sucrose gradients of purified polysomes 
prepared from bovine longissimus dorsi or porcine 
semitendinosus muscle by using amylase treatment 
of resuspended microsomes. 
Fifty to 100 ^1 of purified polysomes (step VI, 
Figure 2) were loaded onto 12 ml of 15 - 40 percent 
continuous sucrose gradients containing 60 mM 
KCl, 50 mM Tris-HCl, pH 7.5 at 24 C, and 4 mM 
MgCl2, and were centrifuged at 180,000 xgmax 
1.5 hr. Direction of sedimentation is from right 
to left. A260/A280 and A260/A235 ratios of the 
polysomes isolated from bovine and porcine muscles 
were 1.82 and 1.60, and 1.80 and 1.54, respectively. 
Seven OD260 units were layered onto the gradient 
containing bovine polysomes and 12 OD26O units were 
layered onto the gradient containing porcine 
polysomes. 
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Figure 6. Density-gradient centrifugation on 15 - 40 percent 
linear sucrose gradients of purified polysomes 
from bovine lonqissimus dorsi muscle obtained 20 
min (a) or two hr (b) after exsangination. 
One-hundred twenty fil of purified polysomes (step 
VI, Figure 2) containing 6 OD26O units were 
loaded onto 12 ml of a 15 - 40 percent continuous 
sucrose gradients containing 60 mM KCl, 50 mM 
Tris-HCl, pH 7.5 at 24° C, and 4 mM MgCl2, and were 
centrifuged at 180,000 xgmax for 1.5 hr. Direction 
of sedimentation is from right to left. A260/A280 
and A260/A235 ratios of the polysomes were 1.80 
and 1.59 (a), and 1.79 and 1.58 (b), respectively. 
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preparations of muscle polysomes is unclear. Because density 
gradient profiles of purified muscle polysomes of approximately 
90 percent of the samples examined in this study were similar 
to the profiles shown in Figure 5 and because it was generally 
impractical to begin polysome preparation sooner than 45 min 
after exsanguination, the density gradient profiles shown in 
Figure 5 were used as standards to classify a purified 
polysomal preparation as normal or unusual and the polysome 
preparation was routinely begun 45 min after exsanguination 
of the animal. 
That the material sedimenting more rapidly than the 80S 
monosomes in the density gradients of purified polysomes was 
indeed polysomes and was not simply monosomes aggregated in an 
unspecific way that did not involve binding to mRNA was 
demonstrated in two ways. First, a very mild treatment of 
purified polysomes with RNase converted all the rapidly 
sedimenting material observed in density gradients of purified 
polysomes to the 80S mo no some peak (Figure 7) . This very mild 
RNase treatment would not be expected to damage monosomes 
(indeed, the 80S mono some peak remains unchanged) but would 
cleave any mRNA that bound individual monosomes into polysomes. 
Consequently, the complete loss of material sedimenting more 
rapidly than the 80S monosomes in a sucrose density gradient 
and appearance of this material entirely in the 80S monosome 
peak after mild RNase treatment is exactly what would be 
Figure 7. Density-gradient centrifugation on a 15 - 40 percent 
linear sucrose gradient of purified polysomes from 
bovine lonqissimus dorsi after treatment with 5 fxg 
of RNase at 2°C for 5 min. 
Twenty /il of RNàse-treated polysomes containing 
5 OD260 units were loaded onto 12 ml of a 15 - 40 
percent continuous sucrose gradient containing 
60 mM KCl, 50 mM Tris-HCl, pH 7.5 at 24°C, and 
4 mM MgCl2, and were centrifuged at 180,000 xgmax 
for 1.5 hr. Direction of sedimentation is from 
right to left. A260/A280 and A260/A235 ratios of 
the polysomes were 1.85 and 1.59, respectively. 
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expected if some of the 80S monosomes in the original purified 
polysomal preparation were bound together by a mRNA strand. 
The second method used to demonstrate that the material 
sedimenting more rapidly than the 80S monosomes on sucrose 
density gradient of purified polysomal preparations was 
indeed polysomes involved electron microscope examination of 
purified polysomal preparations. Purified polysomes obtained 
from porcine semitendinosus and bovine lonqissimus dorsi muscle 
by using O-amylase treatment of resuspended microsomes exist 
in clusters of 10 to 32 ribosomes each (Figure 8). At low 
magnification, small mRNA strands can be detected in the 
polysomal preparations (Figure 8a). The grouping of 10 to 32 
ribosomes to form individual polysomes can be observed at 
intermediate magnification (Figure 8b). No very large clusters 
of 60 ribosomes on a single polysome similar to those reported 
by Heywood et al., (1967) as being responsible for myosin 
synthesis were observed in this study. As will be reported 
later in the thesis, preparations of muscle polysomes purified 
according to the procedure developed in this study supported 
only a small amount of amino acid incorporation into polypep­
tides the size of the 200,000 dalton heavy chain of myosin. 
Whether these results are due to an inherently low content of 
myosin polysomes in mature, mammalian muscle or to rupture of 
the very large myosin polysomes by the fairly severe 
homogenization conditions required to disrupt mature, mammalian 
muscle is unclear. Observation of negatively stained polysomal 
Figure 8. Electron micrographs of purified polysomes obtained 
from porcine semitendinosus (a and b) and bovine 
longissimus dorsi (c) muscle. 
Polysomes were fixed with formalin and were stained 
with uranyl acetate (a and b) . Fixation was 
omitted in (c). A260/A280 and A260/A235 ratios of 
the polysomes were 1.89 and 1.57 (a and b) , and 
1.85 and 1.54 (c), respectively. (a) Polysomes 
contain numerous ribosomes arranged along a 
thread-like mRNA strand. (b) The mRNA strand is 
less discernible at higher magnification due to 
lower contrast. Most polysomes in the preparations 
made in this study contained 10 to 32 ribosomes per 
polysome. (c) Ribosomes had a diameter of 220 Â 
and arrow indicates cleft region between ribosomal 
subunits. X23,000 (a), X48,000 (b), and X291,000 
(c) . 
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preparations at high magnification (Figure 8c) shows that 
diameter of the monosome units is approximately 220 1 and that 
clefts between the 40S and 60S ribosomal subunits can some­
times be detected. These electron microscope observations 
leave little doubt that the procedure developed in this study 
does indeed isolate polysomes and that these polysomal 
preparations are not simply some form of unspecifically 
aggregated monosomes. 
Neither polysomes nor monosomes could be detected on 15 
to 40 percent linear sucrose gradients (Figure 9) when the 
gradients were loaded with post-mitochondrial supernatant 
(step II and III, Figure 2) . This finding was probably simply 
due to the very low ribosomal and polysomal concentrations in 
the post-mitochondrial supernatant. Although PNA content of 
the post-mitochondrial supernatant is approximately 0.14 mg 
RNA/ml, approximately 26 to 35 percent of this RNA is tRNA 
(see subsequent results in a subsection of this chapter) . Because 
only 8 to lOjig of RNA could be layered on these gradients without 
masking the top portion of the gradient with low-density, 
OD2go~absorbing material of nonribosomal origin, the amount of 
ribosomal and polysomal RNA put on these gradients was probably 
simply too small to be detected. 
It was surprising to find that, even when resuspended 
microsomes (step V, Figure 2) were layered on 15 to 40 percent 
linear sucrose gradients, it was difficult to detect polysomes 
Figure 9. Density-gradient centrifugation on 15 - 40 percent 
linear sucrose gradients of a-amylase treated and 
untreated postmitochondrial supernatant fractions 
from bovine longissimus dorsi muscle. 
One hundred ^1 of PMS (step III, Figure 2) containing 
10 OD260 units were loaded onto 12 ml of 15 - 40 
percent continuous sucrose gradients containing 
250 mM KCl, 50 mM Tris-HCl, pH 7.1 at 24°C, and 
10 mM MgCl2/ and were centrifuged at 180,000 xg^ax 
for 1.5 hr. Direction of sedimentation is from 
right to left. 
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in the gradient profile, although an 80S monosome peak could 
be clearly seen (Figure 10). Optical density of the density 
gradient profile was slightly above zero in the region where 
polysomes would normally sediment (Figure 10). Although this 
difference is just slightly greater than experimental error, 
treatment of the resuspended microsomal fraction with RNase 
decreases the amount of material in the region of the gradient 
normally containing polysomes and increases the size of the 
80S monosome peak (Figure 10). Hence, at least some of the 
small amount of rapidly sedimenting material in density 
gradient profiles of the resuspended microsome is polysomal in 
nature. 
Resuspended microsomes should contain very little soluble 
RNA, and failure to detect appreciable amounts of polysomes 
in density gradient profiles of resuspended microsomes 
probably indicates that the resuspended microsomal fraction 
contains considerable quantities of nonpolysomal material that 
absorbs at 260 nm. Although the nature of this material is 
unclear, it seemed possible that it might consist at least 
partly of some unhydrolyzed or partly hydrolyzed glycogen 
remaining after CK-amylase digestion (step IV, Figure 2, 
Table 4) or of myosin that, despite the 250 mM KCl used in the 
SKTMl buffer during initial homogenization of the minced 
muscle (step I, Figure 2), might have aggregated to form small 
filaments that co-sedimented with the microsomal fraction. 
Figure 10. Density-gradient centrifugation on 15 - 40 percent 
linear sucrose gradients of untreated and RWase-
treated microsomes prepared from bovine 
longissimus dorsi muscle by using amylase 
treatment of the resuspended microsomes before 
RNase incubation. 
After a-amylase treatment and clarification, 
75 ^1 of resuspended microsomes (step V, Figure 2) 
containing 6 OD26O units were loaded onto 12 ml 
of 15 - 40 percent continuous sucrose gradients 
containing 60 iriM KCl, 50 mM Tris-HCl, pH 7.5 at 
24°C, and 4 mM MgCl2, and were centrifuged at 
180,000 xgmax 1.5 hr. Direction of sedimenta­
tion is from right to left. The resuspended 
microsomes in (b) were treated with 50 ^g RNase/ml 
after ^-amylase treatment. 
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Harrington and coworkers (Godfrey and Harrington, 1970a; 
1970b; Josephs and Harrington, 1966, 1967, 1968) have shown 
that, under defined experimental conditions, myosin aggregates 
form heterogenous weight classes of filaments that have 
definite sedimentation coefficients depending on pH and 
ionic strength of the solution. For example, at pH 8.0 
to 8.5 and 0.13 7 M KCl, a class of filaments sedimenting as 
0 
a hypersharp boundary with a S,» =1508 in the analytical ZU/W 
ultracentrifuge forms spontaneously in myosin solutions. It 
would, therefore, be important to know whether any myosin 
: 
contamination in the microsomal fractions (step IV, Figure 2) 
would aggregate and sediment in sucrose density gradients with 
an S value near 80S. Such behavior might cause a large 80S 
peak and thereby obscure the polysomal pattern in sucrose 
density gradient profiles in a way similar to what evidently 
occurred in the microsomal suspension shown in Figure 10. 
Because of these possible effects of myosin or glycogen 
contamination, the absorption spectra and the A260/A280 and 
A260/A235 ratios of purified polysomes, purified myosin, and 
purified liver glycogen were compared (Figure 11, Table 5) 
to determine what effect contamination of the microsomal 
fraction (step IV, Figure 2) might have on A260/A280 and 
A260/A235 ratios and on density gradient profiles monitored 
at 260 nm. The results show that both myosin and glycogen 
have very much lower A260/A280 and A260/A235 ratios than 
Figure 11. Ultraviolet absorption spectra of polysomes from 
bovine longissimus dorsi muscle, glycogen from 
rabbit liver, and myosin from porcine skeletal 
muscle. 
Spectra of 20 jul of purified polysomes (step VI, 
Figure 2) containing 14 ^g polysomal protein, 
3.4 mg of rabbit liver glycogen/ml, and 0.8 mg 
of porcine skeletal myosin protein/ml was 
measured against buffer at the range of 210-340 
nm. 
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Table 5. Comparison of 260/280 and 260/235 absorbance ratios 
of polysomes, glycogen, and some selected proteins 
Absorbancy Ratios 
A260 A260 
Constituent A280 A2 35 
Polysomes^ 
Monosomes , 
PMS #1 and 2^ 
Microsomes^ 
Myosin^ . 
Bovine serum albumin 
Glycogen^ 
Polysomes/myosin^ 
Polysomes/glycogen^ 
Monosomes/myosinC 
Monosomes/glycogen*^ 
1.90 1.53 
1.89 1.69 
1.48 0.55 
1.18 0.60 
0.66 0.17 
0.43 0.07 
1.47 0.79 
2.88 9.00 
1.29 1.94 
2.86 9.94 
1.28 2.14 
^Ratios taken from Castles and Wool (1972). 
^Ratios based on data from the present study. 
^Calculated by dividing absorbance ratio for polysomes 
or monosomes by the absorbance ratio for myosin or glycogen. 
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polysomes (Table 5), so the presence of either myosin or 
glycogen in the microsomal fraction would decrease these 
ratios substantially from those observed for purified polysomes. 
Myosin contamination would cause a much greater decrease in 
these ratios than an equal amount of glycogen contamination, 
and myosin contamination would cause a greater decrease in 
the A260/A235 ratio than in the A260/A280 ratio (Table 5). 
When a preparation of purified myosin was layered on a 15-40 
percent linear sucrose density gradient and centrifuged under 
conditions identical to those used for density-gradient 
centrifugation of polysomal preparations, much of the myosin 
sedimented as a peak having a sedimentation coefficient near 
80S (Figure 12). Myosin, however, has much less absorbance 
at 260 nm than polysomes and has 93 percent more absorbance 
at 260 nm than glycogen (Figure 11). Consequently, large 
amounts of myosin contamination would be required to have a 
direct effect on the density gradient profiles of polysomes 
monitored at 260 nm. Indeed, 4.5 mg of myosin were required 
to produce the density gradient profile shown in Figure 12, 
whereas, less than 0.2 mg of polysomal protein were generally 
applied to sucrose density gradients when different polysomal 
preparations were being assayed. 
Glycogen also does not absorb very intensely at 260 nm, 
and it might therefore be expected that even heavy glycogen 
contamination may not be detected by monitoring optical 
Figure 12. Density-gradient centrifugation on 15 - 40 
percent linear sucrose gradients of purified 
porcine skeletal myosin. 
Two-hundred ^1 of purified myosin, containing 4.5 
mg protein prepared by the method of Seraydarian 
et al., 1967, were loaded onto 12 ml of a 15 - 40 
percent continuous sucrose gradient containing 
280 mM KCl, 50 mM Tris-HCl, pH 7.5 at 24°C, 
iiiM MgCl2, and centrifuged at 180,000 xg^ax 
for 1.5 hr. Direction of sedimentation is from 
right to left. 
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density of density gradients at 260 nm. This expectation is 
confirmed by comparing density gradient profiles of polysomes 
that either were not treated with a-amylase during their 
preparation or that were treated with amylase at the post-
mi tochondrial supernatant stage of their preparation. As the 
absorbancy ratios in Table 3 show, polysomes prepared by 
either of these methods are very impure. This impurity is at 
least partly due to contaminating glycogen because polysomes 
made without a-amylase treatment contain substantial quantities 
of glycogen (Table 4) and because absorbancy ratios are 
greatly improved by subsequent a-amylase treatment. This 
glycogen contamination, however, is not evident in the density 
gradient profiles of polysomes prepared by either of these two 
methods (Figure 13), although symmetry of the 80S monosome 
peak is more distorted and the individual polysome peaks are 
less distinct in the profile from untreated polysomes in 
Figure 13 than is usual in profiles of purified polysomes 
(cf. Figures 5 and 13). There is little obvious difference, 
however, between the density gradient profiles of purified 
polysomes prepared by using a-amylase treatment of the 
resuspended microsomes (Table 3 and Figure 5) and impure 
polysomes prepared by using ot-amylase treatment of the post-
mi tochondrial supernatant (Figure 13). 
Because neither myosin nor glycogen absorb very intensely 
at 260 nm (Figure 11, Table 5), density gradient profiles 
obtained by monitoring at 260 nm are not good indicators of 
Figure 13. Density-gradient centrifugation on 15 - 40 percent 
linear sucrose gradients of polysomes prepared 
from bovine longissimus dorsi muscle when the post-
mitochondrial supernatants were untreated or 
treated with a-amylase. 
Eighty to 100 jwl of polysomes (step VI, Figure 2) 
were loaded onto 12 ml of 15 - 40 percent continuous 
sucrose gradients containing 60 mM KCl, 50 mM 
Tris-HCl, pH 7.5 at 24°C, 4 mM MgCl2, and were 
centrifuged at 180,000 xg^iax 1.5 hr. Direction 
of sedimentation is from right to left. A260/A280 
and A260/A235 ratios of the polysomes obtained 
from untreated PMS and from a-amylase-treated 
PMS were 1.24 and 0.59, and 1.30 and 0.72, 
respectively. Eleven OD26O units of untreated 
polysomes and 20D260 units of treated polysomes 
were layered onto the respective gradients. 
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purity of polysomes. Also, because neither myosin nor glycogen 
absorb intensely at 260 nm, it is very unlikely that failure 
to detect appreciable quantities of polysomes in density 
gradient profiles of resuspended microsomes (Figure 10) is due 
to glycogen or myosin contamination of this fraction, and the 
cause of the lack of clear polysomal peaks in density gradient 
profiles of resuspended polysomes remains unclear. It is 
possible that the resuspended microsomal fraction contains 
significant quantities of 4OS and 60S ribosomal subunits or 
some large mRNA species that do not sediment into 15-40 
percent linear sucrose gradients during the short centrifuga-
tion times used in the present study, but that are removed 
during sedimentation of polysomes through a 2M sucrose layer 
(step V, Table 2) and therefore do not interfere with density 
gradient profiles of purified polysomes (see Figure 5). 
Evidence for the possibility that the resuspended microsomal 
fraction contains significant quantities of 408 and 60S 
ribosomal subunits or mRNA will be discussed in category A4 
of this section. 
Effect of solvent composition and pH on polysome preparation 
Initial testing showed that many of the procedures ordinarily 
used to prepare polysomes and other components necessary for 
cell-free protein synthesis systems would not produce 
maximally active protein synthetic components when applied to 
mature,mammalian skeletal muscle. The problem that the presence 
109 
of glycogen in mature, mammalian muscle cells causes when 
attempting to prepare biologically active polysomes from this 
tissue has already been described in the preceding section. 
In addition to the presence of glycogen, however, mature 
mammalian skeletal muscle has at least three other character­
istics that cause unique problems when attempting to isolate 
polysomes: (1) mature mammalian skeletal muscle cells are 
much more difficult to homogenize than other mammalian cells, 
and the very rigorous conditions necessary to rupture mature, 
mammalian muscle cells may also rupture mRNA strands in 
polysomes and thereby degrade the very polysomes that are 
being sought; (2) mature, mammalian skeletal muscle cells 
contain a much lower content of polysomes than cells of most 
other mammalian tissues; (3) mature, mammalian muscle cells 
contain very large amounts of myofibrillar protein, and the 
solubility properties of these proteins, especially myosin, 
the major muscle protein, are such that this protein may be 
co-isolated with polysomes. 
Because of these problems, a series of experiments were 
done to determine the optimal procedure for rupture of muscle 
cells. The optimal composition and pH of the solvent used to 
suspend the ruptured muscle cells, the effect of homogenization 
time during suspension of the ruptured muscle cells, and the 
effects of detergents and other factors on purity and activity 
of polysomal preparations made from mature,mammalian skeletal 
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muscle were also measured. Purity of the polysomal 
preparations in these experiments was evaluated by measuring 
A260/A280 and A260/A235 ratios, and activity was determined 
by measuring the ability to incorporate amino acid into TCA-
precipitable protein in a cell-free protein synthesis system 
(see second part of the Results section). A second series of 
experiments were done in which total RNA content and RNA 
concentration were monitored during fractionation of the 
muscle cell homogenates to determine which steps resulted in 
the largest losses of RNA. Identification of those procedures 
in the fractionation scheme that result in large losses of 
the small amounts of RNA originally present in muscle cells 
was necessary so that effects to maximize the yield of poly­
somes from mature, mammalian muscle could be focused on those 
procedures associated with the greatest losses. Finally, 
because sedimentation through a sucrose layer (see step V, 
Figure 2) seemed critical for preparation of purified polysomes 
but also seemed invariably associated with significant losses 
of RNA, a series of experiments were done in which myosin or 
glycogen were added to microsomal fractions (step IV, Figure 2) 
before sedimentation through a sucrose layer to determine what 
contaminants this sedimentation step was removing. The latter 
two groups of experiments will be described in this 
section. 
E:ç)eriments with different procedures for rupturing muscle 
cells showed that higher yields of polysomes were obtained if 
Ill 
the muscle tissue was cut in longitudinal strips 5 to 10 mm 
on a side and these strips were then minced with a sharp knife 
into small cubes 5 to 10 mm on a side than if the muscle was 
passed through a meat grinder. The reason why dicing muscle 
tissue with a sharp knife resulted in larger yields of 
purified polysomes than passing the tissue through a meat 
grinder is unclear; other studies (Reville et al., 1976) have 
shown that passing muscle through a meat grinder ruptures 
nearly all the lysosomes in muscle cells, whereas most lyso-
somes are preserved when muscle cells are ruptured by dicing 
firmly with a knife. It is possible that rupture of lysosomes 
released RNase enzymes that partly degraded the polysomes in 
homogenates of muscle tissue minced in a meat grinder before 
these polysomes could be sedimented from the homogenates. 
Experiments on ionic composition of the buffer used to 
extract polysomes from mature, mammalian muscle cells showed 
that 10 itiM Mg^^ and 250 mM KCl were the optimal Mg^^ and 
concentration, respectively, in the extraction buffer (Table 6). 
Including 6 mM MCE in this buffer increases the activity of 
polysomes obtained by using the procedure shown in Figure 2 by 
15 percent compared with the activity of polysomes obtained 
by using isolation buffer that has no MCE. Six mM MCE is 
sufficient to keep sulfhydryl (SH) groups reduced during 
isolation of the polysomes. 
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2+ Table 6. Effect of Mg and KCl concentration in the polysome 
extraction buffer on activity and purity of polysomes 
from bovine longissimus dorsi muscle 
Cation^ 
Concentration 
C-Leucine 
Incorporated^ 
mg Protein 
Absorbancy of 
Final 
Preparation 
A260 A260 
A280 A235 
5 mM Mg2* 287±24^ 1.79 1.58 
10 mM Mg2+ 356+13 1.82 1.63 
15 mM Mg2+ 350± 2 1.82 1.63 
20 mM Mg2+ 320± 2 1.70 1.55 
150 mM K"^ 329± 9*^ 1.78 1.57 
200 mM K+ 328±13 1.82 1.60 
250 mM K+ 356+13 1.82 1.63 
300 mM K+ 351± 8 1.81 1.63 
^Composition of isolation buffer was 50 mM Tris-HCl, pH 
7.1 at 24° C/ 6 mM MCE, and KCl and MgCl2 as indicated. In 
experiments where MgCl2 concentration was varied, KCl concen­
tration was 250 mM; in experiments where KCl concentration was 
varied, MgCl2 concentration was 10 mM. All polysome fractions 
were prepared by treating the resuspended microsomes with 2.5 
mg ^-amylase as shown in step IV, Figure 2. 
^pmoles L-leucine-^^C(U) incorporated/mg polysomal 
protein/60 min. 
"^Figures are means plus or minus standard errors of 3 
determinations done on 1 preparation. 
figures are means plus or minus standard errors of 6 
determinations done on 2 different preparations. 
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Three different procedures for suspending the minced 
muscle in the extracting solution were tested to determine 
their effect on yield and purity of polysomes obtained. 
Nitrogen cavitation, which has been reported to be a very 
efficient procedure for suspending tissue for preparation of 
polysomes (Dowben et al., 1968), was a very unsatisfactory 
method for suspending muscle tissue from bovine or porcine 
animals in extracting buffer. Very low yields of polysomes 
were obtained, and the extracts were so impure that it was 
impossible to obtain purified polysomes from them, even by 
using the procedure described in Figure 2. The ineffective­
ness of nitrogen cavitation may be related to the difficulty 
in suspending relatively tough muscle tissue. A Vir Tis "60" 
homogenizer containing two blades was the best instrument for 
suspending the minced muscle tissue in extracting buffer. The 
Vir Tis "60" homogenizer seemed to give consistently greater 
yields of more highly purified polysomes than even a Lourdes 
homogenizer. For example, in two experiments in which the 
Vir Tis "60" and the Lourdes homogenizers were compared on the 
same muscle sample, 13 and 30 percent greater yields of 
polysomes were obtained by using the Vir Tis homogenizer and 
activity of these polysomes in cell-free protein synthesis 
assays were 36 and 45 percent higher than in the polysomal 
preparations made by using the Lourdes homogenizer. Polysomes 
prepared by using a Vir Tis homogenizer were also purer as 
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measured by their A260/A280 and À260/A235 ratios and had 
superior sucrose density gradient profiles that had greater 
proportions of rapidly sedimenting material than did polysomes 
prepared by using a Lourdes homogenizer. The reason for these 
differences between the Lourdes and the Vir Tis homogenizers, 
whose mode of action is based on the same physical principles, 
is not clear. It may be that optimal conditions of homogenizing 
times and speeds were never found for the Lourdes homogenizer. 
The speed and homogenization times shown in Figure 2 gave 
optimum yields and purities of polysomal preparations for the 
volumes of extracting buffer used. If a much more thorough 
homogenization at speeds up to 30,000 rpm were used, the 
homogenate gelled and polysomes could not be sedimented from 
this gel. This gel formation may have originated partly from 
localized heating caused by the high speeds of the rotating 
blades, but more probably was due in larger part to complete 
disintegration of the thick and thin filament structure of the 
myofibril by the severe homogenization. 
Muscle to extraction buffer ratios of 1:2 (w/v) were used to 
suspend the ruptured muscle cells with the Vir Tis "60" 
homogenizer. This is the same ratio used in most other 
polysome preparation studies reported in the literature. In 
an effort to optimize conditions in the present study, some 
experiments were done in which muscle to extraction buffer 
ratios of 1:5 and 1:9 (w/v) were used to suspend the ruptured 
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muscle cells. Although purity of the final polysomal prepara­
tion was occasionally slightly higher when these smaller 
muscle-to-extraction buffer ratios were used, no differences 
in polysome activity and yields were ever observed as a result 
of these more dilute homogenates. It was therefore concluded 
that, coitpared with the 33 percent homogenates normally made, 
use of 16.7 or 10 percent homogenates gave no advantage 
significant enough to compensate for the much greater incon­
venience and labor associated with handling the larger volumes 
resulting from the more dilute homogenates. 
Although earlier studies with nonmuscle tissues have 
indicated that pH of the extraction buffer can vary in the 
range of 7 to 8 without affecting purity or yield of the final 
polysomal preparations (Petermann, 1964), pH of the extraction 
buffer had a pronounced effect on purity and activity of , 
polysomal preparation from muscle tissue (Table 7). Maximum • 
purity and activity in cell-free protein synthesis assays were 
obtained when pH of the extraction buffer was 7.1, and purity 
and activity both decreased as pH of the extraction buffers 
either decreased or increased from pH 7.1 (Table 7). If pH 
of the extraction buffer was maintained at pH 7.6 during the 
entire fractionation procedure, the final polysomal preparation 
obtained after th^ 16 hr sedimentation through a sucrose layer 
(step V, Figure 2) was so heavily contaminated that it supported 
no ^^C-leucine incorporation in cell-free protein synthesis 
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Table 7. Effect of pH of the polysome extraction buffer on 
purity and activity of polysomes from bovine 
longissimus dorsi muscle^ 
Absorbancy of Final ^. 
Preparation C-Leucine 
A260 A260 Incorporated 
pH A280 A235 mg Protein 
6.9 1.69 1.42 290±8C 
7.1 1.82 1.55 340±6^ 
7.4 1.25 0.62 I2I+3C 
7.6/7.1® 1.77 1.54 278+2^ 
^Composition of isolation buffer was 250 mM KCl, 50 mM 
Tris-HCl at pH indicated as measured at 24°C, 10 mM MgCl2, 
and 6 mM MCE. All polysome fractions were prepared by 
treating the resuspended microsomes with 2.5 mg O-amylase as 
shown in step IV, Figure 2. 
^pmoles L-leucine-^^C(U) incorporated/mg polysomal 
protein/60 min. 
^Figures are means plus or minus standard errors of 3 
determinations done on 1 preparation. 
^Figures are means plus or minus standard errors of 6 
determinations done on 2 different preparations. 
^Polysomes were isolated with pH 7.6 buffer and the 
microsomes resuspended in pH 7.1 buffer. 
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assays. On the other hand, when the initial homogenization 
and polysome extraction was done in pH 7.6 buffer, but the 
microsomal sediment (step IV, Figure 2) was suspended in pH 
7.1 buffer just before a-amylase treatment, purity of the 
polysomes was almost equal to that obtained if pH 7.1 buffer 
were used throughout the preparation procedure (Table 7). 
Activity of the polysomes prepared by using this combination 
of pH 7.6 and 7.1 buffers was 82 percent of the activity 
obtained when pH 7.1 buffer was used throughout the preparation 
procedure (Table 7), but yield of polysomal protein was only 
55 percent as high as that obtained if pH 7.1 buffer was used 
throughout the preparation procedure. Because the pH optimum 
for a-amylase activity is 6.9 at 20°C, it seems probable that 
much of this unique dependence of purity and yield of muscle 
polysomes on pH of the buffer in which the polysomes are 
suspended is due to the necessity of having pH of the poly­
somal preparation close to the optimal pH of a-amylase in the 
step where a-amylase is used to remove glycogen contamination. 
That initial homogenization in pH 7.6 buffer followed by 
suspension of the microsomal pellet in pH 7.1 buffer just 
before (%-amylase treatment was not as effective as that of 
using pH 7.1 buffer throughout the polysomal preparation 
procedure (Table 7). This is probably related to the low 
buffering capacity of the Tris buffer used in this study at 
pH values below one pH unit from its pK^. It seems likely 
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that simply suspending the microsomal pellet obtained from the 
150,000 centrifugation (step IV, Figure 2) in pH 7.1 
Tris buffer was insufficient to reduce pH of this pellet, 
which was probably close to 7.6 because of the large excess of 
buffer to which it had been exposed at this stage, to a pH 
value that would permit significant amylase activity. 
Support for this hypothesis was obtained from some observations 
made while attempting to prepare polysomes from porcine 
skeletal muscle. 
Itwas noticed that polysomal preparations from porcine 
skeletal muscle occasionally were completely unsatisfactory 
in both purity and yield even though the preparation procedure 
described in Figure 2 had been followed rigorously. Over a 
period of thirty months, five preparations out of a total of 
30 preparations from porcine skeletal muscle were unsatisfactory 
in this way. This same kind of occasional failure to obtain 
purified polysomes was not noticed when bovine or veal skeletal 
muscle was used. When the data on the porcine animals used in 
this study were reexamined, it was discovered that the 
occasional, isolated failures of preparations from porcine 
skeletal muscle could be attributed to the porcine stress 
syndrome, sometimes called PSS (Topel et al., 1968). This 
condition involves abnormal acidosis in an animal due to a lack 
of adaptation to stress conditions. As a result, muscle pH 
in these animals decreases remarkably rapidly immediately 
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after death; this very rapid decrease in muscle pH occurs 
partly because of a more rapid rate of postmortem glycolysis 
in muscle of the stress-prone pigs than in muscle of "normal" 
pigs and partly because of other, as yet unexplained, factors. 
Because the results summarized in Table 7 had shown that pH 
of the medium was very important for preparation of acceptable 
yields of purified polysomes from muscle tissue, it seemed 
likely that the rapid postmortem decline in muscle pH of the 
stress-susceptible porcine animals was related to the poor 
yields and purity of polysomal preparations made from these 
animals. 
rfeasurements showed that pH values of skeletal muscle 
homogenates from stress-susceptible porcine animals were 
generally below 6.5, even though pH 7.1 Tris buffer was in the 
extraction buffer used in the homogenization. On the other 
hand, pH values of skeletal muscle homogenates from "normal" 
porcine animals was generally between 6.5 and 6.9, and pH 
values of bovine skeletal muscle homogenates were usually 6.8 
or higher. 
HEPES buffer has an apparent pK^ of 7.85 at 0° C (Good et al., 
1966), and HEPES buffer therefore should have much greater 
buffering capacity at pH 7.1 than Tris buffer. Experiments 
showed that substitution of 50 mM HEPES buffer for the 50 mM 
Tris buffer in the SKTMl buffer used to suspend the ruptured 
muscle cells did indeed result in higher pH values for muscle 
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homogenates obtained from porcine skeletal muscle (Table 8) . 
It is also possible that substitution of HEPES for Tris buffer 
would have effects in addition to those resulting simply from 
better maintenance of pH near 7.1. For example. Good et al. 
(1966) found that cell-free protein synthesis systems 
obtained from E. coli incorporated ^^C-leucine into TCA-
precipitable protein at a 14 percent faster rate in the 
presence of HEPES buffer than in the presence of Tris buffer. 
HEPES buffer seemed to have no effect on ability of muscle 
polysomal preparations made in this study to incorporate 
leucine into TCA-precipitable protein (results not shown), 
but optimal activity in the presence of HEPES buffer required 
different Mg^* and concentrations in the incorporation 
media than were required in the presence of Tris buffer (see 
Figures 21 and 22) . This difference may be due to differences 
+2 between Tris and HEPES in their binding constants for Mg and 
K + . 
Because detergents have been used in almost all the published 
procedures for preparing polysomes, the effect of detergents 
was examined on the yield, purity, and activity of polysomes 
prepared from muscle tissue with the procedures developed in 
this study. Detergents are generally used to remove polysomes 
from intracellular membranes with which they are frequently 
associated in many cells. As indicated in the Review of 
Literature in this thesis, however, electron microscope 
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Table 8. Effect of homogenate pH on purity of polysomes 
isolated from porcine semitendinosus muscle^ 
Absorbancy of Final 
Preparation 
Buffer Homogenate A26Q A260 
Used pH A280 A235 
Tris-HCl^ 6.55 1.75 1.47 
HEPES^ 6.80 1.84 1.60 
^All polysome fractions were prepared by treating the 
resuspended microsomes with 2.5 mg amylase as shown in 
step IV, Figure 2. 
^SKTMl buffer using 50 mM Tris-HCl, pH 7.1 at 24°C. 
"^SKTMl buffer with 50 mM HEPES substituted for the Tris 
buffer. 
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studies have shown that polysomes in muscle cells usually are 
free in the cell cytoplasm and are not attached to intracellu­
lar membranes. Therefore, it was anticipated that detergents 
would have no special benefit in preparation of muscle 
polysomes. This anticipation was substantiated by the 
experimental results (Table 9). Indeed, addition of detergents 
usually seemed to slightly decrease the activity, purity, 
and yield of polysomes prepared from skeletal muscle. These 
results confirm earlier results obtained by Manchester (1974), 
which showed that detergents were not necessary for preparation 
of polysomes from the hemidiaphragm muscle. The ability of 
detergents to solubilize membranes could even be a disadvantage 
when attempting to prepare muscle polysomes because any 
detergent in the homogenizing solution would probably rupture 
some of the lysosomes that had been preserved because the 
muscle cells had been ruptured by dicing finely with a shairp 
knife rather than by using a meat grinder. As indicated 
earlier in this Results section, rupture of muscle lysosomes 
would release RNase enzymes that could then partly degrade the 
polysomes before their sedimentation from the homogenate. That 
detergents in the extraction buffer may promote degradation of 
muscle polysomes rather than increase their yields is supported 
by the density gradient profile shown in Figure 14. Comparison 
of this density gradient profile with the profile of muscle 
polysomes prepared by using the same procedure but with no DOC 
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Table 9. Effect of different detergent treatments on activity, 
purity, and yield of polysomes from bovine 
lonqissimus dorsi muscle^ 
14 C-Leucine 
Absorbancy of Final 
Preparation 
Detergent Incorporated" A260 A260 Yield 
% (w/v) mg protein A280 A235 yg/g d 
No detergent 340± 6 %  1.85 1.59 10 
0.05 % DOC 312+ 6^ 1.80 1.56 9 
0.50 % DOC 312± 2^ 1.74 1.41 6 
0.50 % Triton 310±23 1.79 1.51 3 
X-100 
1.00 % DOC 238±18 1.73 1.41 3 
and 
0.50 % Lubrol WX , 
0.05 % DOC^ 
0.05 % DOC3 
293± 4? 1.80 1.56 8 
319± 9 1.83 1.55 10 
^All polysome fractions were prepared by treating the 
resuspended microsomes with 2.5 mg a-amylase as shown in step 
IV, Figure 2. 
^pmoles L-leucine-^^C(U) incorporated/mg polysomal 
protein/60 min. 
^Detergent was added to SKTMl buffer prior to homogeniza' 
tion unless otherwise indicated. 
polysomal protein/g wet tissue weight of muscle. 
^Figures are means plus or minus standard errors of 15 
determinations done on 4 different preparations. 
^Figures are means plus or minus standard errors of 10 
determinations done on 3 different preparations. 
^Figures are means plus or minus standard errors of 7 
determinations done on 2 different preparations. 
'^Figures are means plus or minus standard errors of 3 
determinations done on 1 preparation. 
^Detergent added to PMS #1 and PMS #2. 
^Detergent added to a-amylase-treated microsomes. 
Figure 14. Density-gradient centrifugation on a 15 - 40 percent 
linear sucrose gradient of purified polysomes 
prepared from bovine longissimus dorsi muscle 
by using 0.05 percent DOC (w/v) in the extraction 
buffer. 
One-hundred ^1 of purified polysomes (step VI, 
Figure 2) containing 12 OD260 units and prepared 
by including 0.05 percent DOC (w/v) in the SKTMl 
isolation buffer were loaded onto 12 ml of a 15 -
40 percent continuous sucrose gradient containing 
60 mM KCl, 50 mM Tris-HCl, pH 7.5 at 24°C, and 
4 mM MgClgf and centrifuged at 180,000 xg^ax 
1.5 hr. Direction of sedimentation is from right 
to left. A260/A280 and A260/A235 ratios of the 
polysomes were 1.80 and 1.56, respectively. 
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in the extraction buffer (cf. Figure 5 and 14) shows that 
muscle polysomes prepared by using detergent in the extraction 
buffer have a lower proportion of heavy, rapidly sedimenting 
large polysomes and a higher proportion of 80S monosomes than 
do muscle polysomes prepared in the absence of detergents. 
This is the result expected if detergent treatment released 
Rl^ase enzymes and these released enzymes partly degraded the 
polysomes in the crude homogenate. 
Sucrose concentration in the sucrose layer through which 
polysomes were sedimented during centrifugation in step V 
(Figure 2) was varied in a series of experiments reported in 
Table 10. The microsomal fractions placed on the sucrose layers 
were prepared according to the procedure described in Figure 2. 
All microsomal fractions were treated with 2.5 mg of Oi-amylase 
as described in Figure 2 before loading onto the sucrose layer. 
Assays of ability of the polysomal fractions to support 
14 C-leucine incorporation in all-free protein synthesis systems 
were done under conditions where polysomes were rate-limiting. 
The results indicate that polysomes sedimented through 2.0 M 
and 1.8 M sucrose layers are purer and more active in cell-free 
protein synthesis assays than polysomes obtained by sedimenta­
tion through 1.0, 1.25 or 1.5 M sucrose layers (Table 10). One 
of the effects of sedimenting polysomes through a sucrose layer 
should be removal of membrane fragments and intracellular 
proteins adsorbed to the polysomes. Increasing the density of 
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Table 10. Effect of sucrose concentration in the sucrose layer 
used for purification of resuspended microsomes on 
activity, purity, and RNA/protein ratios of 
polysomes from bovine lonqissimus dorsi muscle 
, . Absorbancy of Final 
Sucrose C-Leucine Preparation . 
Concentration*^ Incorporated" A260 A260 RNA 
(M) mg Protein A280 A235 Protein 
2.00 340+10f 1.88 1.62 1.21 
1.80 340+ 7 1.84 1.60 1.20 
1.50% 320± 6^ 1.68 1.45 1.10 
1.25, 152± 2i 1.48 0.92 0.73 
1.00* 130± 31 1.44 0.82 0.59 
All polysome fractions were prepared by treating the 
resuspended microsomes with 2.5 mg a-amylase as shown in 
step IV, Figure 2. 
^pmoles L-leucine-^^C(U) incorporated/mg polysomal 
protein/60 min. 
^Sucrose at concentration shown was dissolved in 250 mM 
KCl, 50 mM Tris-HCl, pH 7.1 at 24° C, 10 mM MgClo, and 6 mM 
MCE. 
^Ratio of mg polysomal RNA per mg polysomal protein 
determined as described in Material and Methods. 
^Figures are means plus or minus standard errors of 7 
determinations done on 2 different preparations. 
f Figures are means plus or minus standard errors of 10 
determinations done on 3 different preparations. 
^Figures are means plus or minus standard errors of 6 
determinations done on 2 different preparations. 
^Centrifuged at 105,000 for 3 hr instead of 16 hr. 
^Figures are means plus or minus standard errors of 4 
determinations done on 1 preparation. 
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the medium through which the polysomes are sedimented would be 
expected to increase the efficiency with which adsorbed mem­
brane fragments and proteins are removed because both membranes 
(density of 1.1 to 1.2; Figure 4) and proteins (density of 
1.25 to 1.35, Figure 4) have much lower densities than poly­
somes (density of 1.5 to 1.6, Figure 4). Therefore, an 
absolute increase of 0.1 in density of the sedimenting medium 
will cause a greater proportionate decrease in the difference 
between density of the medium and density of membrane fragments 
or proteins than it will in the difference between density of 
the medium and density of polysomes. This will enhance 
separation of membrane fragments and proteins from polysomes by 
sedimentation, even though the range of sedimentation 
coefficients of these three components in dilute salt solutions 
may overlap (Figure 4). It is clear from the RNA/protein ratios 
reported in Table 10 that sedimentation through a 1.8 or 2.0 M 
sucrose layer removes more protein from the muscle polysomes 
present in the microsomal fraction (step IV, Figure 2) than 
sedimentation through 1.0, 1.25, or 1.5 M sucrose layers did. 
Pure polysomes should have an RNA/protein ratio of about 1.20. 
This ratio corresponds approximately to a polysome composition 
of 54.5 percent RNA and 45.5 percent protein, which is the 
composition generally accepted as normal for eukaryotic 
polysomes. Use of 1.0 or 1.25 M sucrose layers gave very 
unsatisfactory purification of polysomes, even if sedimentation 
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times were shortened to 3 hr in the anticipation that this 
shorter centrifugation period would permit sedimentation of the 
largest, more dense polysomes without allowing time for 
sedimentation of the less dense membrane fragments or proteins 
adsorbed to the polysomes (Table 10). It is evident, there­
fore, that 1.0 or 1.25 M sucrose layers are not dense enough 
to enhance sedimentation differences between polysomes and 
membrane fragments or proteins to an extent that they can be 
separated by centrifugation procedures. A 1.8 M sucrose layer, 
however, evidently enhances these sedimentation differences 
sufficiently, so that it is as effective as a 2.0 M sucrose 
layer in separating polysomes from membrane fragments or con­
taminating proteins. Koga and Tamaoki (1974) earlier reported 
that sedimentation through a 1.8 M sucrose layer was as 
effective in purifying liver polysomes as sedimentation through 
a 2.0 M sucrose layer. 
The initial experiments in this dissertation used a KTM 
buffer containing 10 mM MgClg to suspend the polysomes 
sedimented by a 16 hr centrifugation through a 2.0 M sucrose 
layer (step V, Figure 2). To obtain a uniform suspension of 
polysomes in KTM buffer containing 10 mM MgClg, it was 
necessary to use a Bounce homogenizer and to clarify the 
homogenate briefly by centrifugation. It was subsequently 
discovered that a uniform suspension of the sedimented poly­
somes could be obtained much more easily if 4 mM MgClg, which 
was the final MgClg concentration in the cell-free protein 
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synthesis assays, was substituted for the 10 itiM MgCl2 in the 
KTM buffer. When the resuspending KTM buffer contained 4 inM 
MgClg instead of 10 itiM MgClg, the sedimented polysomes could be 
resuspended gently and uniformly by slow rotation on a 
laboratory rotator. A few experiments were done to determine 
the minimum rotation time needed to produce complete and uniform 
suspension of the polysomal pellet. Extent and uniformity of 
suspension were measured by monitoring purity (A260/A280 and 
A260/A235 ratios) and protein concentration of the suspension. 
It was found that protein concentration plateaued and purity 
was maximal after a minimum of 1 hr of rotation at 300 rpm. 
Effect of freezing on polysome preparation 
It would be very advantageous if muscle tissue could be 
frozen immediately after sampling and then stored until it 
became possible or convenient to begin polysomal preparation. 
This would make it possible to freeze muscle tissue samples 
obtained in remote areas where the laboratory instruments and 
facilities needed to prepare polysomes from skeletal muscle 
samples were unavailable and then transport these frozen 
samples back to a central laboratory for subsequent processing. 
For this reason, the effects of freezing muscle tissue 
immediately after sampling on the yield and activity of poly­
somes that could be obtained from that muscle was determined. 
Bovine muscle was sliced into thin strips 1-2 cm in thick­
ness. These strips were immediately frozen in liquid nitrogen 
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at -196°C and maintained in liquid nitrogen for one week. 
After one week of frozen storage the muscle was thawed by 
placing it in SKTMl buffer for 30 min in the cold room. The 
buffer was then decanted and replaced with fresh SKTMl buffer 
and the strips were homogenized in a Vir Tis "60" homogenizer 
as described in step I, Figure 2. Purity of polysomes prepared 
from this frozen muscle by using the procedure described in 
Figure 2 was identical, as measured by A260/A280 and A260/A235 
ratios, to that of polysomes prepared from fresh unfrozen 
muscle. In two separate experiments, however, only 0.5 and 0.7 
jig of polysomal protein/g fresh muscle weight were obtained 
from frozen muscle compared to 12 jUg of polysomal protein/g 
fresh muscle weight usually obtained when starting with 
unfrozen muscle samples immediately after death. Moreover, 
polysomes prepared from frozen muscle had only 54 percent as 
much activity in the cell-free protein synthesis assay as 
polysomes prepared from unfrozen muscle immediately after 
death. Density gradient profiles of polysomes prepared from 
frozen muscle exhibited a high proportion of rapidly sedimenting 
heavy material and a relatively low proportion of the 80S 
monosome peak. Hence, the low activity of polysomes prepared 
from frozen muscle in the cell-free protein synthesis assay was 
not due to degradation of polysomes from frozen muscle. Because 
the yields and activity of polysomes obtained from frozen 
muscle were significantly lower than those that could be 
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obtained directly from fresh, unfrozen muscle, it was decided 
to avoid using frozen muscle as a starting material for poly­
some preparation whenever possible. 
RNA fractionation during polysome preparation 
As indicated earlier in this Results section, one of the 
factors that contribute to the difficulty in preparing poly­
somes from vertebrate skeletal muscle is the very low concen­
trations of RNA found in this tissue. Some muscle RNA concen­
trations reported in the literature are summarized in Table 11 
and can be compared with the RNA concentrations obtained in 
the present study for mature bovine and porcine skeletal 
muscle. The rang^ of 0.47 to 2.02 mg RNA/g of muscle fresh 
weight is only 5 to 20 percent as high as the 10 mg RNA/g of 
tissue fresh weight that has been reported for liver (Scornik, 
1974). These RNA concentrations alone indicate that even if 
muscle cells were ruptured as easily as liver cells and did not 
present special problems such as polysomes adsorbing to 
myofibrils, 5 to 20-fold more muscle tissue would be required 
to obtain the amount of polysomes ordinarily obtained from any 
given amount of liver tissue. 
The muscle RNA concentrations shown in Table 11 vary some­
what among different studies and animal species. This varia­
tion is not surprising because the large amounts of protein 
and relatively low quantities of RNA in muscle tissue sometimes 
interfere with the accurate determination of muscle RNA content. 
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Table 11. RNA concentration in various striated muscles of 
different animal species 
Live RNA Content 
Weight mg/g Fresh 
Muscle Species or Age Muscle 
Diaphragm^ Rat 160 g 2.02 
Gastrocnemius^ Rat 160 g 1.23 
Gastrocnemius^ Rabbit 1.5 kg 0.81 
Gastrocnemius^ Frog 30 g 0.59 
Semitendino- Frog 30 g 0.67 
sus^ 
Breast^ Chicken 14-day-old 0.96 
embryo 
Longissimus^ Bovine 460 kg 0.70 
Posterior , Bovine 450 kg 0.47 
thigh muscle 
Semitendino- Bovine 9 mo 0.85 
susS 
Seraitendino- Bovine 9 mo 0.80 
susf 
Semitendino- Porcine 90 kg 0.74 
susc 
Longissimus? Porcine 68 kg 1.40 
Longissimusb Porcine 90 kg 1.40 
Longissimusi Porcine 90 kg 1.05 
^From Margreth and Novelli (1964). 
^From Oppenheimer and Markiewicz (1973). 
^RNA concentration determined according to procedures 
in Materials and Methods. 
^From Munro and Gray (1969). 
®From Ashmore and Robinson (1969); normal. 
^From Ashmore and Robinson (1969); double-muscled. 
^From Tsai et al., (1973). 
^From Harbison et al., (1976); muscular strain. 
^From Harbison et al., (1976); obese strain. 
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The Schmidt-Tànnhauser procedure, as modified by Munro and 
Fleck (1966), was used in the present study because it has 
been shown to be the procedure least subject to interference 
when very small quantities of RNA are being determined in the 
presence of large quantities of protein. In a few experiments 
in the present study, RNA concentrations obtained for porcine 
s emi ten di no s us muscle by using the Munro-Fleck (1966) modifi­
cation of the Schmidt-Tannhauser procedure were compared with 
RNA concentrations obtained by using the orcinol determination 
of RNA on the same samples. The agreement was excellent. 
Moreover, use of the Schmidt-Tannhauser procedure (Munro and 
Fleck, 1966) to determine RNA and the Folin-Lowry procedure 
(Lowry et al., 1951) to determine protein resulted in RNA to 
protein ratios of 1.2 for the purified polysomes prepared in 
the present study; this is identical to the RNA to protein 
ratio commonly accepted for mammalian polysomes. These two 
lines of evidence, therefore, indicate that the Munro-Fleck 
(1966) modification of the Schmidt-Tannhauser procedure for 
RNA analysis, as it was used in this study, gave an accurate 
measure of muscle RNA content. 
The muscle RNA concentrations obtained in the present 
study for bovine and porcine skeletal muscle were somewhat 
lower than the values reported earlier by Margreth and Novelli 
(1964) for rat muscle (Table 11). It is uncertain whether rat 
skeletal muscle actually had a higher RNA concentration than 
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bovine and porcine skeletal muscle or whether this difference 
is due to differences in the procedure used to measure RNA. 
The RNA concentration measured in the present study for bovine 
skeletal muscle is in good agreement with those reported 
earlier by Ashmore and Robinson (1969) for bovine skeletal 
muscle and is only slightly higher than that found by Munro 
and Gray (1969) for bovine posterior thigh muscle (Table 11). 
On the other hand, the value of 0.74 mg RNA/100 g of muscle, 
fresh weight, found for RNA concentration of porcine skeletal 
muscle in the present study is lower than the values of 1.40 
mg RNA/100 g of muscle, fresh weight, found by both Tsai et al., 
(1973) and Harbison et al., (1976), for porcine skeletal 
muscle (Table 11). These analysis were all done on animals 
of similar live weights (Table 11). Although Tsai et al., 
(1973) and Harbison et al., (1976), used the orcinol procedure 
for measuring RNA concentration, the orcinol procedure, as 
indicated in the preceding paragraph, gives identical results 
for muscle RNA concentration as the modified Schmidt-Tannhauser 
procedure used in the present study. Consequently, the 
difference in RNA concentrations reported in the present study 
and in the studies of Tsai et al., (1973) and Harbison et al., 
(19 76) may be due to the difference in RNA concentration 
between the lonqissimus dorsi and the semitendinosus muscles 
used in these studies (Table 11). 
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Muscle RNA concentration has been shown to decrease with 
increasing chronological age in mice (Srivastava and Chaudhary, 
1969), pigs (Harbison et al., 1976; Tsai et al., 1973), 
chickens (Oppenheimer and Markeswicz, 1973), and rats (Devi 
et al., 1963). Results in the present study showed that muscle 
RNA concentration also decreases significantly with increasing 
chronological age in bovine (Table 12). It has been shown that 
most of the RNA in cells originates from ribosomal RNA; 
therefore, muscle RNA concentration can be used to estimate 
ribosomal RNA content of muscle cells (Table 12). As indicated 
in the Review of Literature in this dissertation, ribosomal 
content is positively correlated with rate of protein synthesis 
in muscle tissue. This relationship accounts for the positive 
correlation between ribosomal content of muscle and muscle 
growth rate (Howarth, 1972). 
The data in Table 12 also show that only a very small 
proportion of the initially very small ribosome content of 
muscle cells can be isolated in the purified form. The average 
percentage of total muscle ribosomal content that could be 
obtained in the form of purified polysomes ranged from 4.1 
percent for veal muscle to 2.7 percent for muscle from 18-to 
24-month-old bovine animals. These results suggest that muscle 
cells from the younger veal animals have properties, such as 
being more easily ruptured and more completely dispersed by 
homogenization, that favor more complete extraction of polysomes 
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Table 12. ENA concentration and yield of polysomes from 
lonqissimus dorsi muscle of calves and mature 
bovine animals and from semitendinosus muscle of 
mature porcine animals 
Species 
Muscle RNA 
Concentration 
(mg/g Tissue) 
Yield Polysomes 
(jig RNA/g Muscle) 
% of Total 
Ribosomal RNA 
Obtained in 
Polysomal Fractions" 
Veal 
Bovine 
Porcine 
0.85+0.03^ 
0.70+0.02 
0.74+0.04 
26.1+5.4 
14.3+1.7 
16.0+2.6 
4.1 
2.7 
2.9 
^All polysome fractions were prepared by treating the 
resuspended microsomes with 2.5 mg amylase as shown in step 
IV, Figure 2. 
^Calculated by assuming that 75 percent of muscle RNA 
is rRNA. 
^Figures are means plus or minus standard error. Three 
separate analyses done on different polysome preparations for 
veal, 16 separate analyses for bovine and 6 separate analyses 
for porcine muscle. 
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from these cells. Because extraordinarily large amounts of 
polysomes are either unextracted or lost during preparation 
of purified polysomes from mammalian skeletal muscle, it is 
clear that studies of protein synthesis in mammalian skeletal 
muscle cells could be facilitated greatly if even only 25 
percent of total muscle ribosomal RNA could be obtained as 
purified polysomes. Consequently, a series of systematic 
studies were initiated to determine which steps in the proce­
dure for preparing purified polysomes resulted in the largest 
losses of RNA and then to learn whether efficiency of these 
steps could be improved. 
The percentage of total RNA found in the different 
subcellular fractions obtained during preparation of muscle 
polysomes is shown in Table 13. Several facts are evident 
from the data given in this table. First, although the proce­
dure developed in the present study results in very low yields 
of purified polysomes from skeletal muscle, the yields 
obtained by this procedure are actually higher than those 
reported by most other procedures that have been described for 
purification of polysomes from mammalian muscle cells. It 
should be pointed out explicitly that none of the other 
procedures described in the literature thus far have included 
a final purification of their polysomes by sedimentation 
through a 2M sucrose layer. Therefore, polysome yields in 
these other studies need to be compared with the yield of 
Table 13. Percentage of total RNA in different subcellular 
fractions obtained during preparation of purified 
polysomes from different animal tissues^ 
Weight orage and species of animal and type of tissue 
Subcellu­
lar 
Fraction 
450 kg 
Bovine, 
LD . 
Muscle 
90 kg 
Porcine, 
ST , 
Muscle 
300 g 
Pigeon, 
Breast 
Muscle 
160 g 
Rat, 
Diaphragm 
Muscle^ 
30 g 
Frog, 
Skeletal 
MuscleC 
700g X 7 min 
Sediment 
77.4 77.5 69.9 
13,000g X 
15 min 
Sediment 
55.7 i2.0^ 52.2±0.3 ^  
20,000g X 
20 min 
Sediment 
5.1 16.3 2.4 
105,000g X 
60 min 
Sediment 
0.3 1.2 1.3 
^Expressed as percentage of total RNA obtained in all 
subcellular fraction. 
^Fractionated according to Materials and Methods. 
^Fractionated according to Margreth and Novelli (1964) 
by centrifuging 10 percent homogenated prepared in an all-glass 
Potter-Elvehjem homogenizer in 0.88M sucrose. Recovery was 
88.8 percent for pigeon breast muscle and 81.1 percent for frog 
skeletal muscle. 
^Fractionated according to Narayanen and Eapen (1973) . 
^Fractionated according to Narayanen and Eapen (1974). 
^Fractionated according to Srivastava and Chaudhary (1969). 
Recovery was 91.0 percent and 90.6 percent for mouse skeletal 
muscle at 60 and 320 days, respectively. 
^Figures that include standard errors are mean percent of 
total muscle RNA in that fraction plus or minus standard error 
on 3 separate preparations. 
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150 g 150 g 250 g 1-Day 60-Day 320-Day 
Rat, 150 g Rat, Pigeon, Mouse, Mouse, Mouse, 
Cardiac Rat, Skeletal Skeletal Skeletal Skeletal Skeletal 
Muscle^ Liver^ Muscle® Muscle® Muscle^ Muscle^ Muscle^ 
73.4±1.5 is.sil.l 75.7i0.7 80.6+0.6 62.5 49.0 46.9 
12.6 0.8 6.2 0.2 5.7 0.2 4.1 0.1 4.2 4.8 4.7 
9.0 0.8 62.5 0.5 8.7 0.2 5.0 0.1 12.5 12.7 15.6 
Table 13 (continued) 
Weight orage and species of animal and type of tissue 
450 kg 90 kg 300 g 160 g 30 g 
Subcellu- Bovine, Porcine, Pigeon, Rat, Frog, 
lar LD . ST , Breast Diaphragm Skeletal 
Fraction Muscle Muscle Muscle Muscle^ Muscle^ 
150,000g X 13.4 ±1.0 17.8±3.2 
90 min 
Sediment 
105,000g X 2.2 ±0.3 3.2± 0.3 
16 hr 
Sediment 
Final 28.7 +0.2 26.8+3.5 5.7 4.9 7.0 
Supernatant 
140b 
150 g 150 g 250 g 1-Day 60-Day 320-Day 
Rat, 150 g Rat, Pigeon, Mouse, Mouse, Mouse, 
Cardiac Rat, Skeletal Skeletal Skeletal Skeletal Skeletal 
Muscled Liver^ Muscle® Muscle® Muscle^ Muscle^ Muscle^ 
4.9 0.3 12.8 0.7 9.8 0.3 10.3 0.4 20.8 24.5 23.4 
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RNA in the pellet from the 150,000 for 90 itiin 
centrifugation (step IV, Figure 2) in the present study. 
Although yields of polysomal RNA are very low for all the 
muscle tissues shown in Table 13, the highest yields seem to 
be obtained from rat cardiac and rat or mouse skeletal muscle. 
It is unclear from these results whether rodent muscle actually 
possesses some properties that enhance isolation of RNA from 
this tissue. Second, it is possible to isolate a much larger 
proportion of total RNA in liver in the form of polysomes than 
it is in muscle. Thus, the percentage of total cellular RNA 
obtained in a microsomal pellet ranges from 0.3 to 17.8 percent 
for muscle tissue compared with 62.5 percent for liver tissue 
(Table 13). When it is recalled that muscle cells originally 
possess only 1/20 to 1/5 as much RNA as liver cells, these very 
low yields of polysomal RNA from muscle tissue indicate that 
20 to several hundred times more muscle tissue than liver tissue 
is required to obtain a given amount of polysomal RNA. Third, 
major losses of RNA occur in three different procedures during 
the preparation of polysomes from muscle cells. The largest 
percentage and absolute loss of RNA is the failure to initially 
extract more than 50 percent of the RNA originally present in 
the muscle cell. A second major loss of RNA occurs during 
sedimentation of the combined post-mitochondrial supernatants 
at 150,000 for 90 rain (step III, Figure 2). Unusually 
large amounts of 27 to 29 percent of total cellular RNA remain 
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unsedimented during this step (Table 13). Although it would be 
anticipated than an appreciable amount of total cellular RNA, 
representing all tRNA originally in the muscle cell, would not 
sediment at this step, it is surprising to find that 27 to 29 
percent of total muscle RNA remains unsedimented after 150,000 
xg for 90 itdn and might therefore actually be tRNA. A third 
major loss of RNA during preparation of purified polysomes from 
mammalian muscle occurs during final purification of the poly­
somes by sedimentation through a 2M sucrose layer (step V, 
Figure 2). Only 16-18 percent of the total RNA loaded onto the 
2M sucrose layers is recovered in the polysomal pellet (Table 
13) . 
The results in Table 13 indicate where major losses of 
RNA occur during preparation of muscle polysomes by using the 
procedure developed in this study. A series of systematic 
studies were then initiated in an effort to determine whether 
any of these steps could be modified to reduce the amount of 
RNA lost at that step. These experiments will be discussed 
systematically, beginning with efforts to increase the amount 
of RNA originally extracted from the ruptured cells. 
Attempts to increase the amount of RNA extracted from 
ruptured cells Experiments testing the effects of different 
homogenizers and homogenizing times on yields of polysomes have 
already been described in this section. A Vir Tis "60" 
homogenizer used at 10,000 rpm in two 15-sec bursts, one 
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minute apart, resulted in maximum yields and purity of muscle 
polysomal preparations. 
Most procedures reported in the literature for preparing 
polysomes from vertebrate tissues use only a single homogeniza-
tion to extract the polysomes and do not re-extract the 
residue remaining after this initial extraction. It is 
possible that the first extraction solubilizes most of the RNA 
in most vertebrate tissues or that investigators have felt 
that any RNA remaining in the residue after an initial extrac­
tion was too likely to be degraded by RNase enzymes and that 
the best course was to proceed as rapidly as possible with 
processing of the first extract to minimize RNase degradation 
in it. lonasescu et al., (1971b), however, reported that a 
second extraction of human muscle increased the yield of 
polysomes significantly. Results in the present study showed 
that re-extraction of the residue remaining after the first 
extraction (step II, Figure 2) increases the final yield of 
purified polysomes by 33 percent and reduces the amount of RNA 
remaining in the extracted residue by 62 percent. There was 
no difference in activity (measured by ability to incorporate 
amino acids into TCA-precipitable protein in a cell-free 
protein synthesis system) or purity (measured by A260/A280 and 
A260/A235 ratios) between the polysomes isolated separately 
from the first (PMS #1) and second extracts (PMS #2). It is 
clear, therefore, that a second extraction of the ruptured 
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muscle cells is a useful step in preparation of purified 
polysomes from mammalian skeletal muscle. 
Because a second extraction of the ruptured muscle cells 
clearly increased yields of purified polysomes from mature, 
mammalian skeletal muscle, several experiments were done to 
determine whether yet additional extractions would produce 
further increases in the amount of purified polysomes that 
could be obtained from mature, mammalian skeletal muscle. The 
results of these experiments, however, showed that a third 
extraction of the ruptured muscle cells resulted in only 0.4 
percent more of the total muscle RNA being isolated as purified 
polysomes (Table 14). Moreover, purity of the polysomes 
obtained by this third extraction was not as high as purity of 
the polysomes obtained from the first two extractions (Table 
14). Consequently, repeated extraction of the ruptured muscle 
cells is an ineffective way to attempt to increase the yield 
of polysomes from mature, mammalian skeletal muscle, and it 
seemed likely that attempts to increase the yields of polysomes 
from mature, mammalian skeletal muscle would have to involve 
efforts to increase the amount of RNA removed by the first 
two extractions. 
Several studies (Larson et al., 1969; Galavazi, 1971; 
Thornell, 19 72) have shown that polysomes are frequently 
observed in close association with myofibrils in electron 
micrographs of muscle cells, and several investigators 
Table 14. Distribution of RNA in different fractions obtained 
by using different procedures to prepare polysomes 
from porcine semitendinosus muscle 
Procedures PMS 
Used Homogenate #1 and #2 
85.0+4.5^ 40.4±2.1° 
Control 
mg RNA 
% total RNA 100 47.5 
A260/A2 80 
A260/A2 35 
RNA/protein® 
Third homogenization and 
extraction! 
mg RNA 6.7Ï0.2 
% total RNA 7.9 
A260/A2 80 
A26 0/A235 
RNA/protein 
^Control polysomes prepared according to procedures 
described in the Materials and Methods section. Two homogeni-
zations were used for extraction and the postmitochondrial 
supernatant was centrifuged at 150,000 xgmax for 90 min. 
^Figures are means plus or minus standard errors of 5 
determinations done on 1 preparation. 
"^Figures are means plus or minus standard errors of 3 
determinations done on 1 preparation. 
^Figures are means plus or minus standard errors of 2 
determinations done on 1 preparation. 
®RNA determined by the Schmidt-Tannhauser method modified 
by Munro and Fleck (1966) and protein determined by the Dowry 
procedure (Lowry et al., 1951). 
^Additional RNA obtained by using a third homogenization 
of the mitochondrial pellet to extract all polysomes. 
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Stage of Polysome Preparation 
Supernatant 
from 
150,000 xginax 
for 
90 min 
Supernatant 
from 
150,000 xg^ax 
for an additional 
90 min 
Resuspended 
Microsomes 
After 
Clarification 
Purified 
Polysomes 
29.5+1.3^ 
34.7 
10.2+0.1^ 
12.0 
2.3 ±0.0' 
2.7 
1.83 
1.64 
1.18 
2 . 0 + 0 . 1 ^  
2 . 4  
4.4+0.0^ 
5.2 
0.4 ±0.0^ 
0.4 
1.78 
1.54 
0.91 
Table 14 {continued) 
Procedures PMS 
Used Homogenate #1 and #2 
Additional 150,000 xgmax 
sedimentation^ 
mg RNA ——— ——— 
% total RNA 
A260/A280 
A260/A235 
RNA/protein 
Control with 150,000 xgmax 
sedimentation for 
180 min" , 
mg RNA 79.8+2.2° 38.5+0.3^ 
% total RNA 100 48.2 
A260/A280 
A260/A235 
RNA/protein 
^Additional RNA obtained by subjecting the supernatant 
from the 150,000 xg^ax centrifugation of the postmitochondrial 
supernatant to an additional centrifugation of 150,000 xg„a„ 
for 90 min. ^max 
^Polysomes prepared according to the procedure described 
in the Materials and Methods section but centrifuging the post­
mitochondrial supernatant at 150,000 xgmax for 180 min instead 
of 90 rain. 
146b 
Stage of Polysome Preparation 
Supernatant Supernatant 
from from Resuspended 
150,000 xgmax 150,000 xg^ax Microsomes 
for for an additional After Purified 
90 min 90 min Clarification Polysomes 
29.5+1.3^ 
34.7 
2 3 . 6 ± 1 . 2 °  
2 7 . 8  
4.0+0.3^ 
4.7 
1.1 ±0, 
1.3 
1.82 
1.70 
1.18 
22.6+1.3^ 
28.3 
18.9+0.2^ 
23.7 
3.3 ±0.3^ 
4.1 
1.83 
1.60 
1.20 
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(Chen and Young, 1968; Heywood et al., 1968) have indicated 
that polysomes can be co-sedimented with myofibrils during 
attempted extraction unless precautions are taken to prevent 
adsorption of the polysomes to the myofibrils. It has been 
reported (Zak et al., 1967) that inclusion of KCl above 100 
mM in the extraction buffer will prevent adsorption of poly­
somes to myofibrils. Even though the SKTMl extraction buffer 
used in the present study contained 250 mM KCl (Table 2), it 
nevertheless seemed possible that part of the very poor 
extraction of RNA from ruptured muscle cells was due to 
adsorption of polysomes to myofibrils. Therefore, several 
different procedures were used in an attempt to prevent 
complexihg of thick and thin filaments in myofibrils in the 
anticipation that this would promote more efficient dispersion 
of myofibrils during homogenization and more complete extrac­
tion of RNA that might otherwise sediment with intact 
myofibrils. In one set of experiments, EGTA was added to the 
SKTMl extraction buffer to a final concentration of 5 mM. 
2+ EGTA will complex Ca and thereby favor relaxation and more 
complete dispersion of myofibrils during homogenization 
(Manchester, 1974; Zak et al., 1972). Addition of EGTA to the 
SKTMl buffer just before homogenization had no effect on yield, 
purity, or activity of the purified polysomal preparation 
finally obtained. If, on the other hand, the ruptured muscle 
cells were gently stirred with SKTMl buffer containing 5 mM 
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EGTA for 30 min at 4°C, and then fresh SKTMl buffer containing 
5 mM EGTA added just before homogenization, yield of purified 
polysomes were increased by 29 percent with no sacrifice in 
purity as measured by A260/A280 and A260/A235 ratios. 
Activity of the purified polysomes obtained after such a 30 min 
incubation in SKTMl buffer plus 5 mM EGTA, however, was 
decreased by 23 percent compared with activity of control 
purified polysomes. The reason for this effect of a 30 min 
incubation in the presence of 5 mM EGTA is unclear, especially 
because purity of the ribosomes is unaffected by this treat­
ment. It is possible that a 30 min incubation with 5 mM EGTA 
removes bound Ca from the ribosome that is essential for most 
efficient functioning of the ribosome in protein synthesis. 
It was observed that 30 min of incubation of the ruptured 
muscle cells in SKTMl buffer containing 5 mM EGTA caused 
noticeable softening of the texture of the ruptured muscle 
cells. Consequently, the premise that promoting relaxation of 
myofibrils might also favor more complete extraction of RNA 
seems valid, although promoting this relaxation by using EGTA 
evidently caused some undesirable side effects on activity 
of the polysomes obtained. Therefore, some alternative methods 
were sought for promoting relaxation of myofibrils. 
Pyrophosphate has been shown to dissociate the actin-
myosin complex and promote relaxation of myofibrils (Bozler, 
1954; Martonosi et al., 1960; Graenichker and Portzehl, 1964). 
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Therefore, several experiments were done in which different 
concentrations of pyrophosphate were added to the SKTMl 
extraction buffer. Neither the presence of 5 mM nor 20 mM 
pyrophosphate in the SKTMl extraction buffer increased the 
yield of purified polysomes that could be obtained from 
mature, mammalian skeletal muscle (Table 15). Indeed, both 
purity and yield of purified polysomes decreased when 20 mM 
pyrophosphate was present in the SKTMl extraction buffer 
(Table 15). 
Several other procedures were also tested in an attempt 
to increase the amount of RNA initially extracted from ruptured 
muscle cells. Noll (1969) has reported that even the lowest 
centrifuge forces necessary to remove nuclei cause sedimenta­
tion of approximately 35 percent of the total ribosomes in the 
first homogenate. Muscle tissue has been reported to contain 
unusually large polysomes (Heywood and Rich, 1968; Ralph and 
Rich, 1971; Becker et al., 1970; Larson et al., 1969), and it seemed 
possible that the 13,000 xj^ax 15 min centrifugation used 
to clarify the initial homogenate (steps I and II, Figure 2) 
was sedimenting some large polysomes out of the extracts. 
Therefore, this centrifugation was done at 10,000 xg^^x for 
15 min instead of at 13,000 xg^^ax for 15 min. Although this 
lower centrifugal force had no effect on purity of the final 
polysomal preparation as measured by A260/A280 and A260/A235 
Table 15. Yields of RNA at different stages of purification of polysomes from 
bovine longissimus dorsi and porcine semitendinosus muscle when 
pyrophosphate is included in the extraction buffer 
Bovine longissimus dorsi Porcine semitendinosus 
Total RNA % Yield Total RNA % Yield 
(mg) (mg) 
Homogenate 72.5±2.4 100 74.liO.6C 100 
PMS # 1 and 2 32.liO.7e 44.3 35.5iO.4f 47.8 
150/000 xgmax 
for 90 min 
2i.5iO.5e 29.7 23.1+0.3^ 31.1 
supernatant 
l3.lil.of Resuspended 9.7±1.0e 13.4 17.8 
microsomes after 
clarification 
Polysomes^ 1.6±0.2® 2.2 2.4i0.lf 3.2 
Supernatant^ 17.5+0.2® 28.7 18.6+1.of 26.8 
Porcine semitendinosus Porcine semitendinosus 
with 5 mM pyrophosphate^ with 20 mM pyrophosphate^ 
Total RNA % Yield Total RNA % Yield 
(mg) (mg) 
Homogenate 75.3+1.0° 100 74.7i6.ld 100 
PMS # 1 and 2 35.8+0.4^ 47.5 31.2±0.79 41.8 
150/000 xgmax 24.5±0.6^ 32.7 14.9+0.19 19.9 
for 90 min 
supernatant 
12.8iO.29 Resuspended lO.9iO.5f 14.6 17.1 
microsomes after 
clarification 
0.85*0.09 Polysomes^ 2.2i0.1^ 3.1 1.1 
^Polysomes were isolated from porcine semitendinosus muscle using 5 or 20 mM 
pyrophosphate in the isolation buffer as described in Materials and Methods. 
A260/A280 arid A260/A2 35 of final polysomes isolated with the 20 mM pyrophosphate in 
the homogenizing medium were 1.68 and 1.39, respectively. 
^Figures are means plus or minus standard errors of 10 determinations done on 
2 different preparations. 
^Figures are means plus or minus standard errors of 15 determinations done on 
3 different preparations. 
*^Figures are means plus or minus standard errors of 3 determinations done on 
1 preparation. 
^Figures are means plus or minus standard errors of 6 determinations done 
on 2 different preparations. 
^Figures are means plus or minus standard errors of 9 determinations done 
on 3 different preparations. 
^Figures are means plus or minus standard errors of 2 determinations done 
on 1 preparation. 
^All polysome fractions were prepared by treating the resuspended microsomes 
with 2.5 mg amylase as shown in step IV, Figure 2. 
^Final RNA content of the 150,000 for 90 min supernatant after an 
additional 150,000 xg^ax centrifugation for 90 min. 
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ratios, neither did it increase the final yield of purified 
polysomes. 
lonasescu et al., (1970) have reported that yields of 
polysomes from human muscle biopsy samples were greatest if 
the initial homogenates were sedimented at 122,000 xg for 
60 min and the resulting sediment was then re-extracted with 
a detergent-containing solution. lonasescu et al., (1970) 
used a 1 percent (w/v) DOC, 0.5 percent (W/v) Brig 58 solution. 
When this procedure was applied to mature bovine muscle, only 
very high purity, free ribosomes (no polysomes) were obtained 
from the 122,000 for 60 min supernatant. The polysomes 
extracted from the 122,000 x^max :Eor 60 min sediment by using 
a detergent-containing solution were impossible to purify, 
even by using amylase treatment and the procedure described 
in Figure 2. Hence, detergent extraction of a polysomal-
containing pellet obtained by high-speed centrifugation of 
initial homogenates was abandoned as a possible procedure for 
increasing yields of polysomes in extracts of mature, mammalian 
muscle. 
Attempts to increase the yield of RNA in the 150,000 
x£max microsomal pellet Because all efforts to increase 
the proportion of total RNA in the initial extracts of mature, 
mammalian muscle failed, some alternative ways were sought to 
increase the final yields of purified polysomes from muscle 
extracts. As shown in Table 13, even though the initial 
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extracts contained 44 to 4 8 percent of total RNA in the 
original muscle tissue, only 2.2 to 3.2 percent of this total 
RNA (or 5 to 7 percent of the RNA in the initial extracts) 
was eventually recovered in the final purified polysomal 
preparation. Approximately 26 to 35 percent of the total 
muscle RNA was found in the 150,000 xg^ax for 90 min supernatant 
(step III, Figure 2) when the procedure shown in Figure 2 
was used to prepare purified polysomes from mature, mammalian 
muscle (Table 13). It was originally assumed when developing 
this procedure that only tRNA and some unaggregated mRNA 
species would remain in this supernatant and that all ribosomal 
and polysomal RNA would be sedimented by the 150,000 xg^ax 
for 90 min centrifugation. Most reports have indicated that 
tRNA makes up only 10 to 15 percent of total cellular RNA (Elobel 
and Potter, 1967 ; Young and Alexis , 1968; Zaketal., 1967). It 
seemed possible that not all polysomal RNA was being sedimented 
from the combined postmitochondrial supernatant by centrifuga­
tion at 150,000 xgmax 90 min. If the supernatant from the 
150,000 xgmax for 90 min centrifugation was subjected to a 
second 150,000 centrifugation for 90 min, an additional 
1.3 percent of total muscle RNA could be obtained in the form 
of purified polysomes (Table 14). Because the original yield 
of purified polysomes was only 2.7 percent of total tissue RNA 
(Table 14), this additional 1.3 percent represents nearly a 
50 percent increase in yield because of this additional 
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centrifugation. A similar result was obtained if a single 
centrifugation at 150,000 xg^ax done for 180 min, twice 
as long as the 90 min run used in the original procedure 
(Table 14). About 4.1 percent of total tissue RNA was obtained 
as purified polysomes when the combined postmitochondrial 
supernatants were centrifuged at 150,000 xg^ax for 180 min 
compared with 2.7 percent of total tissue RNA obtained as 
purified polysomes when the combined postmitochondrial 
supernatants were centrifuged at 150,000 xg^iax for 90 min. 
The reason for this increase in yield of purified polysomes 
when the time of centrifugation at 150,000 xgmax is doubled 
from 90 to 180 min is unclear. All polysomes and ribosomes 
should be completely sedimented at 150,000 xg^ax for 90 min. 
Indeed, as discussed earlier in this section, some considera­
tion had previously been given to the possibility that some 
polysomes were being sedimented from the initial homogenate at 
13,000 xgmax for 15 min. Homogenization of tissue in 250 mM 
KCl-containing buffer has been reported to cause an increase 
in dissociation of the 80S mammalian ribosome into 40S and 
60S subunits (Pollack et al., 1970). These 40S and 60S 
ribosomal subunits may not be completely sedimented at 150,000 
xgjjiax for 90 min, and the increased yield of polysomes produced 
by doubling the centrifugation time at 150,000 xgmax be 
due to sedimentation of 40S and 60S subunits that had been 
dissociated from polysomes by the 250 mM KCl in the initial 
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extraction buffer followed by reaggregation of these sedimented 
subunits onto the mRNA in the polysomal pellets. The possible 
presence of 40S and 60S subunits in the 150,000 xg^ax pellets 
will be discussed later in this section when the effects of 
sedimentation through a sucrose layer (step V, Figure 2) are 
discussed. 
It has been reported that O.lM MgCl2 is very effective in 
completely precipitating ribonucleoprotein complexes from 
extracts of liver (Clemens and Pain, 1974; Lee and Brawerman, 
1971; Takanami, 1960) and chicken oviduct (Palmiter, 1974) 
homogenates. Polysomes obtained by O.lM MgCl2 precipitation 
were uncontaminated with glycogen and seemed undenatured, but 
had a greater requirement for soluble factors than those 
obtained by centrifugation through a 2M sucrose cushion (Lee 
and Brawerman, 1971). Consequently, several experiments were 
done to determine whether 0.IM MgCl2 precipitation would 
increase the yield of polysomes that could be obtained in the 
microsomal pellet resulting from 150,000 xg^ax centrifugation 
of the combined postmitochondrial supernatants (step IV, 
Figure 2). Palmiter's procedure (Palmiter, 1974) for 
precipitating polysomes with O.lM MgCl2 was used in these 
experiments, and the experiments done with three different KCl 
concentrations, 25, 80, and 250 mM, in the extraction buffer. 
Precipitation with O.lM MgCl2 did not increase the yield of 
polysomes obtained in the microsomal pellet (step IV, Figure 2) 
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but did greatly decrease purity of the final polysomal prepara­
tion (A260/A280 - 1.20 to 1.40 and A260/A235 = 0.51 to 0.70). 
Hence, O.IM MgCl2 precipitation is not a satisfactory procedure 
for isolating purified polysomes from skeletal muscle of 
mature mammals. 
As indicated earlier in this section, it was surprising 
to find that 26 to 35 percent of total muscle RNA remains 
unsedimented after a 150,000 xg^ax centrifugation for either 
90 (Tables 13 and 14) or 180 min (Table 14). This unsedimented 
RNA should be almost exclusively tRNA, but the 26 to 35 percent 
of total RNA found in this unsedimented fraction is much larger 
than the 15 percent of total cellular RNA that is generally 
considered to be composed of tRNA (Blobel and Potter, 1967; Young and 
Alexis, 1968; Zak et al, 1967). Even when centrifugation of the 
combined postmitochondrial supernatants (step III, Figure 2) 
was increased from 90 min to 180 min at 150,000 xg^axf however, 
only an additional 5 to 7 percent of the total muscle RNA was 
sedimented, and 26 to 28 percent of the total muscle RNA 
remained in the supernatant (Table 14). One-hundred and 
eighty min centrifugation is a much greater centrifugal force 
than should be required to sediment either ribosomes or poly­
somes from dilute aqueous buffers such as those used in this 
study. Consequently, a careful search of the literature was 
done to determine whether there were any other reports 
indicating that muscle cells might contain 25 to 35 percent of 
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total cellular RNA as tRNA. The results of this literature 
search are summarized in Table 16. Rat liver contains about 
15 percent of its total RNA as tRNA, and rat or chick embryo 
heart muscle also contains 7 to 15 percent of its total RNA as 
tRNA (Table 16) . A large number of studies, however, have 
reported that muscle from mammals contains 20 to 35 percent 
of its total RNA as tRNA (Table 16). Although the results of 
many of these studies are based on assay of the amount of 
unsedimentable RNA and, therefore, might be subject to the 
same experimental difficulties as the studies described in 
this thesis, the results of Tsai et al., (1973) on porcine 
muscle (Table 16) used phenol extraction and gel electrophoresis 
to determine amount of tRNA in muscle. Consequently, it seems 
that mammalian skeletal muscle cells contain an unusually 
high proportion amounting to approximately 20 to 35 percent of 
their total RNA, as tRNA, and that much of the difficulty in 
the present study of obtaining greater yields of total RNA in 
the 150,000 xgmax microsomal pellet was due simply to this 
large proportion of tRNA in mammalian skeletal muscle cells. 
The tRNA content of skeletal muscle cells increases with 
increasing age up to maturity (Tsai et al., 1973; see also 
Table 16). Although amount of protein biosynthesis in muscle 
is related to amount of total and microsomal RNA in the same 
tissue, it seems unrelated to total amount of tRNA (Howarth, 
1972). As indicated in the Review of Literature in this thesis. 
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Table 16. Transfer RNA as a percent of total RNA content in 
various tissues 
Muscle Species 
Live Percent 
Weight Transfer 
or Age RNA 
Liver^' ^  
Heart^f ^ 
Embryo heart^' ^ 
Skeletal muscle^' ® 
Skeletal muscle^' ® 
Skeletal muscle^' ® 
Longissimus dorsi^ 
Longissimus dorsi^ 
Longissimus dorsi^ 
Longissimus dorsi^' 9 
Semitendinosus^y 9 
Diaphragm muscle^' h 
Breast muscle^' h 
Skeletal muscle^' h 
Rat 200 
Rat 150 
Chick 18 
Mouse 1 
Mouse 60 
Mouse 320 
Porcine 1 
Porcine 2 
Porcine 16 
Bovine 450 
Porcine 90 
Rat 160 
Pigeon 300 
Frog 30 
g 15.0 
g 7.0 
days 15.0 
day 20.8 
days 24.5 
days 23.4 
day 26.9 
weeks 31.2 
weeks 35.7 
kg 24.1 
kg 25.1 
g 4.9 
g 5.7 
g 7.0 
^Transfer RNA determined as the amount of RNA remaining in 
the supernatant after ultracentrifugation as described in the 
references. 
^From Blobel and Potter, (1967). 
^From Hulsmans (1961). 
^From Zak et al, (1967). 
®Froin Srivastava and Chaudhary (1969) . 
^Transfer RNA determined by phenol extraction of total 
RNA from frozen muscle and analyzed by gel electrophoresis as 
described by Tsai et al., (1973). 
^Final RNA content of the PMS supernatant after 150,000 
^2max centrifugation for 3 hr. 
^From Margreth and Novell! (1964). 
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however, the specific enzymic activity of the aminoacyl-tRNA 
ligase enzymes and various isoaccepting species of tRNA are 
important in rate of protein biosynthesis. Those enzymic 
activities of the tRNA fraction will be discussed in the 
Results section. 
Attempts to increase amount of purified polysomes 
sedimented through a sucrose layer As shown in Table 13, 
11 to 15 percent of total muscle RNA was lost during the final 
purification of muscle polysomes by sedimentation through a 
sucrose layer (step V, Figure 2). This loss of RNA at this 
step is surprising. It was expected that most of the RNA 
in the microsomal pellet (step IV, Figure 2) should already 
consist largely of polysomal and ribosomal RNA because all 
show that tRNA had been removed (see discussion in the 
preceding paragraph). The results in Table 13, however, show 
that only 16 to 18 percent of this microsomal RNA was obtained 
as purified polysomal RNA after sedimentation through a 
sucrose layer. Sedimentation through a sucrose layer was 
necessary to obtain A260/A280 and A260/A235 ratios indicative 
of purified polysomes. It would seem, however, that this final 
centrifugation should remove only the oligosaccharides formed 
by a-amylase digestion and possibly some small amounts of 
myofibrillar protein still adsorbed to the polysomes. It was 
unclear why this centrifugation should be accompanied by such 
large losses of RNA. Therefore, a series of experiments were 
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done to attempt to learn the nature of the RNA being lost 
during sedimentation through a sucrose layer and to determine 
whether traces of glycogen or myofibrillar protein contaminants 
in the microsomal pellet were contributing to this loss. 
The first set of experiments tested whether the 2,000 
xgmax 10 min centrifugation used to clarify the microsomal 
suspension after a-amylase treatment (step IV, Figure 2) was 
accompanied by any loss in RNA. Analysis showed that the very 
small pellet resulting from this centrifugation contained 0.7 
mg RNA which was only 0.6 percent of total RNA in that 
experiment. Hence, this brief clarification does not contrib­
ute significantly to the large loss of RNA that occurred 
during final purification of the microsomal pellet. 
A second set of experiments tested whether the presence of 
contaminating, myosin or oligosaccharide fragments in the 
resuspended microsomes (step V, Figure 2) affected recovery of 
RNA after sedimentation through a 2M sucrose layer. As shown 
in Table 4, the resuspended microsomal fraction contains 
considerable material assayed as oligo- or polysaccharide, even 
after tt-amylase digestion, and it might be expected that this 
fraction could also contain aggregated myosip that co-isolated 
with polysomes (see subsection in this chapter). known amounts 
of purified liver glycogen or purified porcine skeletal muscle 
myosin were added to one aliquot df resuspended microsomes, and 
an equal volume of solvent was added to a second aliquot of the 
161 
same resuspended microsomal fraction. The two aliquots were 
then sedimented through a 2M sucrose layer at 105,000 for 
16 hr (step V, Figure 2), and the amount of RNA recovered in 
the polysomal pellet was assayed. Addition of either purified 
liver glycogen or purified porcine skeletal muscle myosin to 
the resuspended microsomal fraction had no effect on recovery 
of RNA after sedimentation through a 2M sucrose layer. 
Moreover, addition of purified skeletal muscle myosin to the 
resuspended microsomal fraction had no discernible effect on 
the density-gradient profile of the purified polysomes obtained 
after sedimentation through a 2M sucrose layer (Figure 15). 
These results show that contaminating myosin or oligosaccharide 
fragments in the resuspended microsomes do not affect recovery 
of RNA in a purified polysomal pellet after sedimentation 
through a 2M sucrose layer. Furthermore, in confirmation of 
the results shown in Table 10, sedimentation through a 2M 
sucrose layer seems to be a very effective method for eliminat­
ing contamination by aggregated myosin in addition to removing 
oligosaccharides resulting from cx-amylase digestion of 
glycogen (Table 4). 
A third set of experiments attempted to determine how the 
RNA in the microsomal suspension was distributed after 16 hr 
of centrifugation through a 2M sucrose layer at 105,000 xg^ax-
After this centrifugation, the centrifuge tube contained three 
visibly distinct fractions that could be removed from the tube 
Figure 15. Density-gradient centrifugation on 15 - 40 percent 
linear sucrose gradients showing the effects on 
density-gradient profiles of purified polysomes 
from porcine semitendinosus (a, b) and bovine 
longissimus dorsi (c, d) muscle of adding myosin 
or RNase or both to the resuspended microsomes 
before sedimentation through a 2M sucrose layer. 
Thirty to 100 fj.1 of purified polysomes (a, b) (step 
VI, Figure 2) and monosomes (c, d) (step VI, 
Figure 2) were loaded onto 13 ml of 15 - 40 percent 
continuous sucrose gradients containing 60 mM 
KCl, 50 mM Tris-HCl, pH 7.5 at 24°C, 4 mM MgCl2, 
and centrifuged at 180,000 xgmax 1.5 hr. 
Before sedimentation through~a 2M sucrose layer 
(step V, Figure 2), 6.8 mg of pork skeletal 
myosin was added to 10 ml of resuspended microsomes, 
without (b) or with (d) RNase treatment (50 ^ g/ml 
of the microsomes). Direction of sedimentation is 
• from right to left. A260/A280 and A260/A235 ratios 
of the polysomes and monosomes were 1.80 and 1.54 
(a); 1.71 and 1.50 (b) ; 1.89 and 1.69 (c) ; and 
1.89 and 1.69 (d). Ten OD26O units were layered 
onto the gradients in (a) and (b) and 2.5 OD260 
units were layered onto the gradients in (b) and 
(c) . 
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separately. The upper layer was aqueous and represented the 
15 ml of aqueous solution that had been originally layered 
onto the 2M sucrose layer. The next layer was the 10 ml, 2M 
sucrose layer itself. Finally, an opaque pellet, sometimes 
covered by a white, fluffy layer, remained at the bottom of 
the tube after removal of the upper two layers. RNA analysis 
of these three layers showed that, of the total RNA applied to 
the 2M sucrose layer, 15 to 31 percent was in the pellet, 41 
to 66 percent was in the sucrose layer, and only 1.4 to 2.1 
percent remained in the aqueous layer originally applied to 
the 2M sucrose layer (Table 17). 
To obtain some indication of the nature of the RNA that 
remained in the 2M sucrose layer during the 16 hr centrifuga-
tion at 105,000 xgmax» a microsomal suspension was treated with 
5 ixg RNase for 10 min after the 1 hr (K-amylase treatment, and 
this RNase plus a-amylase-treated sample was layered onto a 
2M sucrose layer and centrifuged for 16 hr at 105,000 xg^^ax« 
If most of the RNA remaining in the 2M sucrose layer was 
monosomes that either had been dissociated from polysomes by 
the homogenization and resuspension procedures used during 
polysomal purification, or alternatively, were already free in 
the muscle cell at the time of homogenization, then RNase 
treatment should greatly decrease the proportion of RNA in the 
pellet and greatly increase the proportion of RNA in the 2M 
sucrose layer. The results of this experiment, however, showed 
Table 17. Distribution of RNA after layering resuspended microsomes from veal 
longissimus dorsi muscle onto a 2M sucrose layer and centrifuging for 
16 hr at 105,000 xgmax^ 
Nature of 
Resuspended RNA Remaining RNA in Sucrose RNA Total 
Microsome mg RNA in Supernatant Layer in Pellet RNA Recovered 
Fraction Loaded mg % mg % mg % mg % 
a-amylase 10.8 0.2 1.4 
treated^ 7.2 0.2 2.1 
cr amylase 2.9 0.1 3.4 
plus RNase 7.7 0.1 1.9 
treated^ 
4.5 41.4 3.3 30.9 7.9 73.7 
4.8 66.5 1.1 15.6 6.1 84.7 
1.5 51.6 0.4 15.1 2.1 69.0 
4.7 61.0 0.8 10.7 5.7 72.7 
^Results are shown for 2 separate experiments done on preparations from 2 
different animals. 
^Treated with tt-amylase as described in step IV, Figure 2. 
^Treated with tt-amylase as described in step IV, Figure 2, and after 1 hr of 
U-amylase treatment, added 5 fig RNase in 2.5 fxl for an additional 10 min at 
0 to 4° C. 
166 
that RNase treatment had no effect on distribution of RNA 
among the aqueous supernatant, the 2M sucrose, and the pellet 
fractions following 16 hr of centrifugation at 105,000 xg^ax 
(Table 17). Consequently, it seems unlikely that centrifuga­
tion through a 2M sucrose layer results in any preferential 
removal of monosomes from polysomal preparations, and the RNA 
remaining in the 2M sucrose layer must consist largely of 
something other than monosomes. The conclusion that 16 hr of 
centrifugation through a 2M sucrose layer does not remove 
monosomes from muscle polysomal preparations is substantiated 
by the presence of significant monosome peaks in the density-
gradient profiles of muscle polysomal preparations centrifuged 
on 15 - 40 percent linear sucrose gradients (Figures 5, 6, 7, 
9, 10, 13, and 14). Between 69 and 85 percent of the total 
RNA applied to the 2M sucrose layers in these experiments 
was recovered in the three fractions analyzed (Table 17). 
Therefore, the results of these experiments are not subject to 
errors due to abnormal recoveries. 
Several experiments were done in an attempt to learn the 
nature of the RNA that remained in the 2M sucrose layer during 
centrifugation at 105,000 xg^ax for 16 hr. In one set of 
experiments, the oramylase-treated microsomal suspension (step 
V, Figure 2) was layered onto a discontinuous sucrose gradient 
consisting of either a IM sucrose layer over a 2M sucrose 
layer or a IM sucrose layer over a 1.5M sucrose layer. 
Table 18. Amount, purity, and amino acid incorporating 
activity of bovine lonqissimus dorsi polysomes 
remaining in or floating on the sucrose layer used 
for polysome purification^ 
Nature 
of 
Sample 
jug Protein 
in Polysomal 
Pellet 
A260/A280 
of Suspended 
Pellet 
Control, 2M sucrose layer^ 1320 1.82 
Control, 1.5M sucrose layer^ 1500 1.68 
Material remaining in and 80 1.88 
floating on a 2M sucrose 
layer and then sedimented ^ 
through a IM sucrose layer 
All polysome fractions were prepared by treating the 
resuspended microsomes with 2.5 mg c*-amylase as shown in 
step IV, Figure 2. 
^pmoles L-leucine-^^C(U) incorporated/mg polysomal 
protein/60 min. 
^Material sedimented through sucrose layer of indicated 
concentration when sample was processed as described in 
Materials and Methods. 
^figures are means plus or minus standard errors of 3 
determinations done on 1 preparation. 
^Figures are means plus or minus standard errors of 2 
determinations done on 1 preparation. 
^An Of amylase-tre ated microsomal suspension (step V, 
Figure 2) was layered onto a discontinuous sucrose gradient 
consisting of a layer of IM sucrose over a layer of 1.5M or 
2M sucrose as indicated and was then centrifuged at 105,000 
xgmax for 16 hr. The 1.5M or 2M sucrose layer and the layer 
remaining on the sucrose layer was diluted fourfold with KTMl 
buffer and the dilution recentrifuged at 210,000 xg^ax for 
60 min through IM sucrose layer in KTMl buffer. 
167b 
A260/A235 
of Suspended Incorporated 
Pellet mg Protein^ 
1.62 
1.45 
1.40 
350+22^ 
320± 2® 
216+ 6® 
Table 18 (continued) 
Nature 
of 
Sample 
jug Protein 
in Polysomal 
Pellet 
A260/A280 
of Suspended 
Pellet 
Material remaining in and 
floating on a 2M sucrose layer 
and then treated with Triton 
X-100 and sedimented through 
a IM sucrose layer9 
40 1.89 
Material remaining in and 
floating on a 1.5M sucrose 
layer and then sedimented ^ 
through a IM sucrose layer 
80 1.87 
Material remaining in and 
floating on a 1.5M sucrose 
layer and then treated with 
Triton X-100 and sedimented 
through a IM sucrose layer^ 
30 1.87 
^An cramylase-treated microsomal suspension (step V, 
Figure 2) was treated as described in footnote "d" except that 
the fourfold dilution was done in KTMl buffer containing 1 
percent (w/v) Triton X-100. 
16 8b 
A260/A235 leucine 
of Suspended Incorporated 
Pellet mg Protein^ 
1.52 199+ 3® 
1.49 83± 4^^ 
1.50 191+ 5^ 
169 
These samples were centrifuged at 105,000 for IS hr, and 
the bottom 2M or 1.5M sucrose layers and the material floating 
on the interface between either of these two layers and the IM 
sucrose layer immediately on top of them were removed and were 
suspended in a fourfold dilution of SKTMl buffer (Table 2). 
The two samples thus obtained were divided, and one-half of 
each sample was treated with 1 percent (w/v) Triton X-100 to 
dissolve any membranous material in these fractions. The four 
samples were then layered over a IM sucrose layer and were 
centrifuged at 210,000 xgmax for 3 hr. The results of this 
experiment showed that very little additional polysomal protein 
could be obtained by collecting the material that floated on 
or did not sediment through a 2M sucrose layer (Table 18). 
Indeed, only 80 fxg of additional polysomal protein were 
obtained by this procedure; this is only 6.1 percent as much 
as the 1320 /ttg of polysomal protein obtained in the polysomal 
pellet sedimented through the 2M sucrose layer in a control 
tube (Table 18). The material that did not sediment through a 
2M sucrose layer was not more buoyant because of attachment 
to membranes because addition of 1.0 percent (w/v) Triton X-100 
had no effect on the results; indeed, only one-half as much 
polysomal protein was sedimented through a IM sucrose layer 
after 1 percent Triton X-100 treatment as was sedimented before 
such treatment (Table 18). Lowering the concentration of 
sucrose in the sucrose layer from 2 to 1.5M had no effect on 
170 
amount of polysomal protein sedimented from any of the samples 
(Table 18). It was also noted that the material collected 
off the 2M or 1.5M sucrose layers and then sedimented through 
a IM sucrose layer had a lower A260/A235 ratio and was much 
less active in incorporating ^'^C-leucine into protein than the 
polysomal material sedimented through a 2M sucrose layer 
(Table 18). Hence, not only is very little additional 
material recovered from the 1.5 or 2M sucrose layers, but the 
material that is obtained seems to be contaminated with non-
polysomal substances and to have little ability to incorporate 
amino acids into protein. As shown previously in Table 10, 
substituting a 1.5M sucrose layer for the 2.0M sucrose layer 
in the original centrifugation at 105,000 xg^ax for 16 hr 
lowers purity of the final polysomal preparation substantially 
as measured by A260/A280 and A260/A235 ratios (Table 18). 
The experimental results shown in Tables 17 and 18 suggest 
that the RNA that does not sediment through a 2.OM sucrose 
layer is nonpolysomal material having a S value between the 4S 
tRNA species, which is not sedimented in the original microsomal 
pellet (step IV, Figure 2), and the 80S mammalian ribosomes, 
which are sedimented through the 2.0M sucrose layer. The only 
known candidates for such material are the 4OS and 60S ribo-
somal subunits and certain species of large mRNA. The density-
gradient profile of the resuspended microsomal fraction on a 
15 - 40 percent linear sucrose gradient (see Figure 10) also 
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suggests that this fraction contains considerable quantities 
of RNA which do not sediment through a density-gradient at the 
same rate as polysomes. Although the nature of this RNA 
remains uncertain, it does not seem to be polysomal RNA. 
Hence, very little polysomal RNA is being lost during sedimen­
tation through a 2M sucrose layer, and it will probably be 
very difficult to increase the yield of polysomal RNA obtained 
at this step much above the 16 to 18 percent obtained by the 
procedure outlined in Figure 2 of this dissertation. 
One other set of experiments was done to determine whether 
any of the RNA loss that occurs during final purification of 
polysomes through a 2.0M sucrose layer could be avoided. These 
experiments tested whether any polysomal RNA was lost when 
the sides of the centrifuge tubes containing the 2.0M sucrose 
layer were rinsed after removal of the sucrose layer following 
centrifugation and before resuspension of the polysomal pellet. 
A white, fluffy layer was found covering the polysomal pellet 
in approximately 50 percent of the polysomal preparations done 
with bovine muscle and in less than 25 percent of the prepara­
tions done with porcine muscle. Because this layer was easily 
removed during the tube rinsing process to leave a clearly 
defined, opaque polysomal pellet, the composition of this 
layer was also analyzed. Analysis indicated that the white, 
fluffy layer was almost entirely glycogen or glycogen fragments 
and contained less than 4 percent RNA by weight. Evidently, 
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this layer represents glycogen polymers that had been only 
partly degraded by tt-amylase treatment and that therefore 
co-sedimented with the polysomes through the 2M sucrose layer. 
Removal of this white, fluffy layer was essential to obtain 
the very low glycogen contents shown in Table 3 and 4 for 
the polysomal preparations made in this study. 
The buffer rinses of the centrifuge tubes contained both 
the white, fluffy layer that sometimes covered the polysomal 
pellets and any material clinging to the walls of the centri­
fuge tube. The A260/A280 and A260/A235 ratios of these 
rinses were 1.57 and 1.05, respectively. These ratios 
indicate that these rinses contained largely glycogen, 
possibly with small amounts of RNA (see Table 5). Chemical 
analysis showed that 0.2 ml of rinse contained 1 g of glycogen. 
This rinse solution was treated with 2.5 mg of (K-amylase 
for 90 min at 4° C, the resulting solution was layered onto 
10 ml of a 1.25M sucrose layer in KTM buffer (Table 2) and was 
centrifuged at 105,000 xg^ax for 3 hr. A very small polysomal 
pellet was obtained. When resuspended in KTM buffer, this 
pellet had an A260/A280 ratio of 1.74 and an A260/A235 ratio 
of 1.39. The total amount of RNA obtained, however, was less 
than 0.1 percent of total RNA in the original extract. 
Consequently, only very small and insignificant losses of RNA 
occurred during rinsing of the centrifuge tubes after final 
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purification of muscle polysomes by sedimentation through a 
2.0M sucrose layer. 
In summary, the results of the extensive series of 
experiments done to determine whether final yield of RNA in 
purified polysomal preparations made from mature mammalian 
skeletal muscle could be increased above the 2.2 to 3.2 percent 
of total muscle RNA obtained in the present study indicate 
that it will be very difficult to increase this yield unless 
some novel procedure can be developed that will extract 
substantially more than the 50 percent of total muscle RNA 
extracted by the methods tested in this study. Because 
several different extraction procedures produced no noticeable 
improvement in amount of total muscle RNA extracted, and in 
many instances, decreased purity of the final polysomal 
preparation, it was decided to adopt the procedure described 
in Figure 2 as the best one available, and to proceed with 
development of procedures to prepare the components needed to 
assay ability of the polysomes in this these preparations to 
incorporate amino acids into protein. 
RNase activity in different subcellular fractions 
Despite the extensive analysis described in the preceding 
part, it remained possible that some of the loss of polysomes 
that seemed to occur during the isolation procedure was due to 
RNase degradation. For example, the large amount of RNA 
that fractionated as though it were tRNA (see Tables 13, 14, 
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15, and 16) could result, in part, from degradation of poly­
somes by RNase. 
RNase activity can originate from RNase endogenous to . 
muscle cells or from contamination by exogenous RNase. All 
glassware used in the studies described in this thesis were 
autoclaved to destroy RNase contamination and RNase-free 
sucrose was used in the SKMTl and other sucrose-containing 
solutions used in these studies. All other chemicals used were 
of analytical reagent grade or better. Hence, it seemed 
unlikely that much RNase contamination from exogenous sources 
occurred during this study. 
The most common approach to eliminating degradation of 
polysomes by endogenous RNase activities is to add inhibitors 
of the known RNase enzymes to the isolation buffers. 
Composition of the SKTMl buffer used for homogenization of 
minced muscle tissue in this study (see Figure 2 and Table 2) 
would be expected to inhibit RNase activity by itself because 
it contained 10 mM MgCl2. Ten to 50 mM MgCl2 has been shown to 
inhibit RNase activity (Palmiter, 1974). Use of high concen-
2+ trations of Mg in homogenization buffers to inhibit RNase 
activity must be accompanied by inclusion of 200 to 500 mM 
KCl to prevent precipitation of the ribosomes by these high 
2+ 
concentrations of Mg . As discussed earlier in this thesis, 
the homogenizing buffer used in this study contained 250 mM 
175 
KCl to help solubilize myosin and prevent its co-isolation with 
the polysomes. In general, fairly high concentrations of 
cations inhibit RNase activity. 
Three approaches were used in this study to attempt to 
determine whether RNase degradation was contributing to the 
low yield of polysomes that could be obtained from mature, 
mammalian skeletal muscle. In the first approach, four 
different known inhibitors of RNase activity were added 
individually to the homogenization and resuspending buffers 
used in this study, and the effects of these additions on yield 
and purity of the polysomal fraction obtained were determined. 
The four inhibitors used were polyvinylsulfate (Oppenheimer 
and Markiewicz, 1973; Srivastava, 1972; Swanson and David, 
1970), bentonite (Jernigan et al., 1973), heparin (Avadhani 
and Buetow, 1972; Palacios et al., 1972; Palmiter et al., 
1970), and RNase inhibitor factor from rat liver (Bont et al., 
1967; Bos et al., 1972; MacGregor and Mahler, 1969). It is 
known that, in general, polyanions such as heparin, bentonite, 
or polyvinylsulfate are RNase inhibitors because they adsorb 
the basic RNase protein. 
Addition of polyvinylsulfate to the SKTMl homogenization 
buffer (step I, Figure 2) in a concentration of 10 ^#/ml had 
no effect on either yield or purity of the polysomal prepara­
tion. Ability of the resulting preparation to incorporate 
amino acids into TCA-precipitable protein, however, was 
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decreased 32 percent. It has been shown that polyvinyl-
sulfate is very difficult to separate from RNA preparations 
(Bernfield et al., 1960), and the presence of contaminating 
polyvinylsulfate in the polysomes used in the protein synthesis 
assay may account for the observed decrease in activity. 
Bentonite, which is a montmorillonite clay, A1203* 
4Si02*H20, and which possesses many sites for binding cations 
and basic proteins, was the gift of Dr. Jack Horowitz, 
Department of Biochemistry and Biophysics, Iowa State 
University. Bentonite (1 mg/ml) was added to the SKTMl buffer 
used in the homogenization step (step I, Figure 2) and to the 
buffer used to resuspend the sedimented microsomes (step IV, 
Figure 2). In either instance, the yield of polysomes was 
decreased by addition of bentonite. This decrease in polysome 
yield may have been due to the ability of bentonite to adsorb 
RNA as well as proteins (Fraenkel-Conrat et al., 1961). The 
presence of bentonite in either the homogenizing or the micro­
somal resuspension buffers also seemed to affect the ribosome 
structure itself because the A260/A280 ratios of polysomes 
isolated in the presence of bentonite was increased from 1.80 
to 2.29. Bentonite may be adsorbing and removing basic proteins 
from the ribosomes themselves. Whatever the cause of this 
effect of bentonite, it had no beneficial effect on yield and 
activity of polysomes isolated from mature, mammalian skeletal 
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muscle, and there seems to be no reason to include it in 
buffers used to prepare such polysomes. 
Heparin, which is a naturally occurring glucosaminoglycan 
polyanion, was added to the SKTMl homogenization buffer 
(step I, Figure 2) in a concentration of 50 jug/ml. Addition 
of heparin had no effect on yield or purity of the polysomes 
obtained and also did not affect ability of these polysomes to 
incorporate amino acids into TCA-precipitable protein. Because 
heparin has been shown to inhibit initiation during protein 
synthesis (Waldman and Goldstein, 1975), it should be used in 
isolation of polysomes only when necessary. There clearly 
seems to be no advantage to including it in buffers used to 
prepare polysomes from mammalian skeletal muscle. 
Rat liver supernatant contains an endogenous inhibitor 
of RNase activity. Rat liver supernatant was prepared according 
to the procedure of MacGregor and Mahler (1969) , and 5 ml of 
supernatant, originating from 10 g of liver, was added to 200 iriL 
of SKTMl homogenization buffer used in step I, Figure 2. 
Addition of inhibitor from rat liver supernatant had no effect 
on yield, purity, or ability of the polysomes obtained to 
incorporate amino acids into TCA-precipitable protein. 
The second approach used to attempt to determine whether 
RNase degradation was contributing to the low yields of poly­
somes that could be obtained from mature,mammalian skeletal 
muscle was a direct assay of RNase activity in different 
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fractions obtained during the procedure used to purify poly­
somes. Although numerous studies have shown that rat liver 
homogenates contain considerable endogenous RNase activity 
(see, for example, Ingebretsen et al., 1972), mature, mammalian 
skeletal muscle contains very little assayable endogenous 
RNase activity (Table 19). Total endogenous RNase activity of 
mature, bovine skeletal muscle homogenates was highest in the 
whole homogenate and decreased progressively as polysomal 
purification proceeded (Table 19). The specific activities 
show that what little endogenous RNase activity exists in 
mammalian skeletal muscle homogenates does not co-purify with 
polysomes. Moreover, cell-sap enzymes prepared by the 
procedures used in this study (see Materials and Methods) also 
had almost no endogenous RNase activity (Table 19). Although 
some investigators have suggested that amylase from liver 
contains appreciable RNase activity, even after purification 
(Garrett et al., 1973), the RNase activity of the 0^-amylase used 
in the present study was almost insignificant (Table 19). 
The third approach used to test the amount of endogenous 
RNase activity that might exist in the muscle polysomal 
preparations made in this study involved analysis of the effects 
of incubation on the sucrose density-gradient profiles 
obtained from these polysomal preparations. Only a very few 
bond hydrolyses or nicks would be required, if they occurred 
near the center of each polysomal chain, to reduce large 
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Table 19. RNase activity of different fractions obtained 
during isolation of polysomes and cell-sap enzymes 
from bovine longissimus dorsi muscle, of ^ -amylase 
and of pure pancreatic RNase 
Units RNase Total Units 
Activity RNase 
Fraction mg Protein^ Activity^ 
Homogenate 0.0025+0.0002^ 103 
PMS #1 and 2 0.0012+0.0001^ 39 
PMS supernatant® o.ooisio.oooo^ 36 
Resuspended microsomes. 0.0002+0.0000° 0.13 
clarified 
Polysomes 0.0019+0.0001^ 0.003 
Cell-sap enzymes^ 0.0025+0.0001^ 0.001 
(k-amylase (Sigma type 0.0003+0.0000° 0.0008 
lA) 1 
RNase A (Sigma type lA) 320 +1° 
&Unit = 1 WM of nucleotide solubilized/15 min at 37° C. 
^Total units for fractions obtained during isolation of 
polysomes are based on a typical polysome preparation beginning 
with 100 q, fresh weight, of muscle. Total units for cell-
sap enzymes and a-aitylase are calculated for the amounts of 
these components added to the resuspended microsomes or to 
the amino acid incorporation assay. 
^Figures are means plus or minus standard errors 
of 4 determinations done on 2 different preparations. 
'^Figures are means plus or minus standard errors 
of 2 determinations done on 1 preparation. 
®PMS supernatant = supernatant from step III, Figure 2 
after centrifugation for 150,000 xg^iax for 90 min. 
^Chromatogrammed cell-sap enzymes were prepared according 
to procedures in Figure 3. 
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polysomes to small fragments. These few nicks could be the 
result of a RNase activity so low that it would be virtually 
undetectable by direct assay (Davies and Larkins, 1974). An 
example of this kind of change in density-gradient profile 
is shown in Figure 16, where purified polysomes were treated 
with 200 pg of purified RNase for only 5 min and at 2°C. Even 
this very mild RNase treatment causes marked loss of rapidly 
sedimenting, large polysomes and increases the amount of more 
slowly sedimenting material and 80S material (jcf. Figure 16 
with Figures 5, 6, 13, and 14). On the other hand, leaving 
preparations of purified polysomes prepared from either bovine 
or porcine skeletal muscle at 2° C for 20 hr caused a gradual 
reduction in the proportion of rapidly sedimenting material 
and a gradual increase in the proportion of 80S monosomes 
(cf. Figures 16 and 31). A second experiment of this same 
nature was done by allowing a^ aliquot of the microsomal 
suspension (step IV, Figure 2) before sedimentation through a 
2M sucrose layer to sit at 2° C for five days. RNA content 
of the suspension was measured after cold PCA precipitation 
at regular intervals during the five-day period. Although 
this is not as sensitive an assay for endogenous RNase 
activity as examination of density gradient profiles, because 
a single nick could drastically alter sedimentation of a 
polysome but not affect the amount of PCA-precipitable RNA, 
Figure 16. Density-gradient centrifugation on a 15 - 40 
percent linear sucrose gradient of purified 
polysomes from bovine longissimus dorsi after 
treatment with 200 pg of RNase at T C for 5 min. 
Twenty /il of RNase-treated polysomes containing 
3 OD260 units were loaded onto 12 ml of a 15 - 40 
percent continuous sucrose gradient containing 
60 mI-1 SKI, 50 mM Tris-HCl, pH 7.5 at 24° C, and 
4 itiM MgCl2/ and centrifuged at 180,000 xgmax 
for 1.5 hr. Direction of sedimentation is from 
right to left. A260/A280 and A260/A235 ratios 
of the polysomes were 1.85 and 1.59, respectively. 
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the results of this second study also showed that PCA-
precipitable RNA content of the resuspended microsomes did 
not change during the five-day incubation period. 
The results of all three of these approaches agrée that 
skeletal muscle contains very little endogenous RNase activity 
and that this RNase activity is not a significant factor 
contributing to the low yields of polysomes obtained from 
mammalian skeletal muscle. As a result of the extensive test­
ing described in this and in the preceding four subsections, 
the procedure outlined in Figure 2 was adopted for routine 
preparation of polysomes from mature, mammalian skeletal 
muscle. The last two sections of Results will describe the 
development of procedures needed to assay ability of these 
polysomes to incorporate amino acids into TCA-precipitable 
protein, and use of these procedures to assay polysomes and 
enzymes obtained from muscles of physiologically differing 
animals. 
Development of Procedures Needed to Assay 
Ability of Muscle Polysomes to Incorporate 
Amino Acids into TCA-Precipitable Protein 
in a Cell-Free System 
After the extensive testing described in the preceding 
section to develop a procedure for obtaining the maximum 
possible yield of polysomes of the highest possible purity 
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from mature, mammalian skeletal muscle, the next task was to 
develop the procedures needed to assay these polysomes for 
biological activity, i.e., for their ability to incorporate 
amino acids into TCA-precipitable protein. These procedures 
are described in this section. This section is divided into 
seven different subsections: (1) Preparation of cell-sap 
enzymes; (2) Effect of medium composition on rate of amino 
acid incorporation; (3) Optimizing conditions or amino-acid 
incorporation into protein; (4) The effect of inhibitors of 
protein synthesis on rate of amino acid incorporation in a 
cell-free muscle protein synthesis system; (5) Analysis of the 
kinds of polypeptide chains produced by a cell-free protein 
synthesis system containing skeletal muscle components; 
(6) Effect of collagenase on cell-free amino acid incorporation 
by polysomes from muscle tissue; and (7) Effect of frozen 
storage on activity of polysomes and cell-sap enzymes. 
Preparation of cell-sap enzymes 
As shown in Figure 3, cell-sap enzymes were prepared 
either by passing the S-339 supernatant fraction through a 
Sephadex G-10 column (chromatogrammed cell-sap enzymes) or by 
dialyzing the S-339 supernatant fraction against a 50 percent 
glycerol buffer (dialyzed cell-sap enzymes). Both the 
Sephadex G-10 chromatography and the dialysis against 50 
percent glycerol buffer were done to remove free amino acids 
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and to effect a buffer change of the S-339 fraction. Activities 
of chromatogrammed cell-sap enzymes and dialyzed cell-sap 
enzymes in supporting incorporation of amino acids into TCA-
precipitable protein in cell-free systems were always equal, 
and the two procedures were used interchangeably. 
Although several reports (Earl and Morgan, 196 8; 
Migliorini and Manchester, 1971; Richardson et al., 1971) have found 
that amino acids could satisfactorily be removed from a crude 
centrifugal supernatant cell-sap enzyme fraction by passing this 
fraction through a Sephadex G-25 column, two separate experiments 
in the present study showed that cell-sap enzymes prepared by 
Sephadex G-10 chromatography were 29 and 40 percent more active 
in supporting amino acid incorporation into TCA-precipitable 
protein in cell-free systems than cell-sap enzymes prepared by 
Sephadex G-25 chromatography. Sephadex G-10 and Sephadex G-25 
have exclusion limits of 700 and 5000 daltons, respectively, 
for polypeptides in a random coil conformation. The results 
shown in Figure 17 demonstrate that Sephadex G-10 chromatography 
separates free amino acids from the bulk of the protein and 
RNA in the S-339 fraction and that Sephadex G-10 chromatography 
is therefore satisfactory for removing free amino acids from 
crude supernatants of cell-sap enzymes. Chromatography with 
Sephadex G-25 evidently removed some factor or factors that 
elute with the void volume from Sephadex G-10 columns, that 
therefore are not separated from the tRNA and proteins in 
Figure 17. Elution profile of S-339 supernatant from a 1.5 X 
35 cm Sephadex G-10 column. 
A total of 125 mg of S-339 supernatant protein 
containing 2.5 /iCi of (U)-leucine in 5 ml was 
loaded onto the column. Descending elution with 
100 mM sucrose, 60 mM KCl, 50 mM Tris-HCl, pH 
7.5 at 24° C, 4 mM MgCl2, 6 mM MCE was used. The 
flow rate was 0.6 ml/min, and 0.3 ml fractions 
were collected. Void volume of the column was 
27 ml. The first 1.5 ml of eluent after protein 
detection was discarded and the next 5 ml were 
pooled (indicated by bar in figure) and used for 
incorporation. Solid line is absorbance at 280 nm 
and dotted line is radioactivity. 
ELUTION VOLUME (ml )  
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the S-339 fraction, and that enhance ability of the cell-sap 
fraction to support amino acid incorporation into TCA-
precipitable proteins in cell-free systems. 
Several variations of the procedure given in Figure 3 
for isolation of a S-339 crude cell-sap supernatant fraction 
were assayed to determine which combination of procedures would 
produce the most active cell-sap fraction. Less severe 
homogenization of minced muscle using a two-blade Vir Tis 
homogenizer produced more active cell-sap fractions than more 
severe homogenization resulting from use of a five-blade 
Lourdes homogenizer at the same speed. It was also found 
important during step III, Figure 3, to remove the S-339 crude 
cell-sap supernatant from the centrifuge tube very carefully 
with a Pasteur pipet in a manner that did not disturb either 
an upper layer 1 cm from the top or a lower layer 2 cm from 
the bottom of the centrifuge tube. This middle layer in the 
centrifuge tube had the highest activity in cell-free assays 
of protein synthesis, and did not contain the lipids associated 
with the upper layer or the subcellular particles associated 
with the bottom layer in the centrifuge tube. 
In other experiments, the supernatant from the 13,000 
xgmax for 15 min centrifugation (step I, Figure 3) was 
centrifuged at 226,000 xgmax for 225 min instead of 90 min 
to determine whether the longer centrifugation might remove 
some ribosomes not sedimented after 90 min at 226,000 xg^ax» 
189 
The protein concentration of the crude cell-sap enzyme fraction 
produced by this longer centrifugation was 18 percent lower 
than the protein concentration of a S-339 fraction from the 
same tissue, presumably because the longer centrifugation 
sedimented some proteins or protein aggregates having large 
sedimentation coefficients. There was no difference, however, 
between these two crude cell-sap enzyme fractions in ability to 
support incorporation of amino acids into TCA-precipitable 
protein in cell-free systems. Consequently, centrifugation at 
226,000 xguiax for 90 min is sufficient to remove all endogenous 
activity that might result from the presence of unsedimented, 
small polysomes or ribosomes in the crude cell-sap fraction, 
and longer centrifugation times are unnecessary. 
Because it would be very helpful to be able to freeze 
muscle samples and then prepare cell-sap enzymes from these 
frozen samples later when it might be more convenient or when 
certain comparisons might be desired, several experiments were 
done to determine whether cell-sap enzymes could be prepared 
from frozen muscle. Muscle samples were frozen at -198°C 
in liquid nitrogen. After one week at -29° C, the frozen 
samples were thawed, and cell-sap enzymes were prepared by 
using the procedure outlined in Figure 3. Under conditions in 
which cell-sap enzymes were rate-limiting in the cell-free 
protein synthesis assay, the cell-sap enzymes prepared from 
frozen muscle were 51 percent less active than cell-sap 
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enzymes prepared from fresh muscle from a different animal the 
day before, and were 4 7 percent less active than the cell-sap 
enzymes prepared from the same animal and assayed the day after 
preparation. Consequently, as was described in the preceding 
section for attempts to prepare polysomes from frozen muscle, 
it seems that fully active cell-sap enzymes cannot be prepared 
from frozen muscle, and experiments comparing activities of 
cell-sap enzymes and polysomes from different animals will 
have to use muscle obtained immediately after death to prepare 
the polysomes and cell-sap enzymes to be assayed. 
2+ + 
The effect of Mg and K concentration and pH of the 
SKTM2 buffer used to homogenize the minced muscle in the 
first step for preparation of cell-sap enzymes (step I, 
Figure 3) on activity of the resulting cell-sap enzyme fraction 
in cell-free protein synthesis systems was also assayed 
(Tables 20 and 21). Optimal activity of the final cell-sap 
enzyme fraction was obtained if the original buffer used for 
2+ 
suspension of minced muscle contained 10 mM Mg , 60 mM KCl 
at pH 7.1 as measured at 24° C (Tables 20 and 21). These 
2+ + 
optimal Mg and K concentrations and pH values were obtained 
for both chromatogrammed cell-sap enzymes and dialyzed cell-
sap enzymes. 
The RNA to protein ratios of different cell-sap enzyme 
preparations are shown in Table 22. The precipitate formed 
when pH of the S-339 crude cell-sap enzyme fraction is lowered 
191 
2+ Table 20. Effect of Mg and KCl concentration in cell-sap 
isolation buffer on amino acid incorporating 
activity of chromatogrammed cell-sap enzymes from 
bovine longissimus dorsi muscle 
Cation C-leucine 
Concentration Incorporated 
in Isolation mg 
Buffer^ Protein" 
5 mM Mg^"*" 46+3^ 
10 mM Mg2+ 5 0 + l c  
15 mM Mg2+ 40±2C 
20 mM Mg2+ 31±ic 
40 mM 35±ld 
60 mM 50+1® 
100 mM 46±3® 
150 mM 41+1® 
200 mM K 40+2C 
250 mM K+ 33+lc 
^Composition of cell-sap isolation buffer was 50 mM 
Tris-HCl, pH 7.1 at 24°C and 6 mM MCE. In experiments where 
MgCl2 concentration was varied, KCl concentration was 60 mM; 
in experiments where KCl concentration was varied, MgCl2 
concentration was 10 mM. 
^pmoles L-leucine-^'^C (U) incorporated/mg polysomal 
protein/5 min. 
^Figures are means plus or minus standard errors of 3 
determinations done on 1 preparation. 
'^Figures are means plus or minus standard errors of 4 
determinations done on 1 preparation. 
^Figures are means plus or minus standard errors of 6 
determinations done on 1 preparation. 
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Table 21. Effect of pH of cell-sap isolation buffer on amino 
acid incorporating activity of chroraatogrammed 
cell-sap enzymes from bovine longissimus dorsi 
muscle 
pH of 
Isolation 
Buffer^ 
C-leucine 
Incorporated 
mg Protein^ 
6.9 36±lC 
7.1 50±ld 
7.3 46+1^ 
7.5 48±ld 
7.6 44±ic 
^Composition of cell-sap isolation buffer was 60 mM 
KCl/ 10 mM MgCl2, 6 mM MCE, 50 mM Tris-HCl at the pH indicated 
as measured at 24°C. 
^pmoles L-leucine-^^C(U) incorporated/mg polysomal 
protein/5 min. 
^Figures are means plus or minus standard errors of 3 
determinations done on 1 preparation. 
^Figures are means plus or minus standard errors of 7 
determinations done on 2 different preparations. 
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Table 22. RNA to protein ratios in the S-339 supernatant, 
cell-sap enzyme preparations, and the pH5 
enzyme preparations from bovine lonqissimus 
dorsi muscle 
Enzyme RNA/Protein 
Preparation Ratio 
S-339 supernatant^ 0.0039^ 
Chromatogrammed cell-sap enzymes 0.0032 
Dialyzed cell-sap enzymes 0.0028 
pH 5 enzyme precipitate^ 0.0128 
pH 5 enzyme supernatant^ 0.0004 
^Supernatant obtained after centrifugation at 339,000 
x^max (step II, Figure 3). 
^Averages of 4 determinations made on 2 different samples. 
"^Enzyme preparations obtained by treating the S-339 
supernatant at pH 5 according to Materials and Methods. 
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to 5.0 has the highest RNA to protein ratio of any of the 
fractions shown in Table 22. This pH 5 precipitate fraction 
has been reported to consist largely of tRNA and aminoacyl-
tRNA ligases and would therefore be expected to have a high 
RNA to protein ratio. Conversely, the supernatant left after 
pH of the S-339 crude cell-sap enzymes fraction is lowered 
to 5.0 has the lowest RNA to protein ratio because most of 
the tRNA has been removed from this fraction. The pH 5.0 
supernatant fraction has been reported to contain enhanced 
EF-1 and EF-2 activity (Alexis et al., 19 72; Castles and Wool, 
1972; Pain and Clemens, 1973; Smith et al., 1973). No 
difference in RNA to protein ratios can be observed among the 
S-339 crude cell-sap enzyme fraction, the chromatogrammed 
cell-sap enzyme fraction, and the dialyzed cell-sap enzyme 
fraction (Table 22). 
Effect of medium composition on rate of amino acid incorporation 
Incorporation of amino acids into TCA-precipitable 
peptides by skeletal muscle polysomes in a cell-free system 
requires a system capable of generating aminoacyl-tRNA from 
free amino acids and tRNA, certain supernatant protein 
2+ + factors, GTP, ATP, and ATP-regenerating system, Mg , K , and 
a sulfhydryl-protecting agent such as MCE (Figure 1). A 
sulfhydryl-reducing agent like MCE is required because, among 
other things, the sulfhydryl groups of ribosomal proteins and 
of aminoacyl transferase II must be maintained in the reduced 
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state if these proteins are to remain active in protein 
synthesis. A.monovalent aation, such as is required in 
2+ the peptidyl transferase reaction, and Mg is needed for a 
number of the enzymes involved in peptide bond formation and 
in binding of mRNA and aminoacyl-tRNA to the ribosome as well 
as for ribosome integrity. GTP and ATP are required in 
specific energy requiring reactions, and supernatant protein 
fractions supply some enzymes essential to protein synthesis. 
As an initial step in determining optimal conditions for 
incorporation of amino acids into TCA-precipitable protein in 
cell-free systems containing cell-sap enzymes and polysomes 
from mature, mammalian skeletal muscle, a series of experiments 
were done to determine optimal K^, Mg^^, ATP, and GTP concen­
trations in these cell-free systems. The optimal pH of the 
cell-free protein synthesis system was 7.5, as measured at 
24° C, when using either HEPES or Tris buffer. A 10 percent 
decrease in rate of amino acid incorporation occurred if the 
assay was done at either pH 7.4 or pH 7.6. 
The optimal concentration in the cell-free protein 
synthesis system was 40 mM when Tris buffer was used and 
100 mM when HEPES buffer was used (Figure 18). Specific 
activities of the Tris-buffered and HEPES-buffered systems 
were similar at their respective concentration optima 
(Figure 18). It is unclear why optimum concentration for 
Figure 18. Effect of K concentration in the incubation media 
on rate of amino acid incorporation in Tris-
buffered or HEPES-buffered incubation media. 
Cell-sap enzymes (0.04 ml) and polysomes (0.01 
ml) contributed 24 and 6 moles of K"*", respectively. 
Additional KCl was added directly to the assay 
media to produce the final K"*" concentration shown. 
At 25 mM KCl, the cell-sap enzymes were obtained 
by elution from a Sephadex G-10 column with 100 
mM sucrose, 47.5 mM KCl, 50 mM Tris-HCl, pH 7.5 
at 24° C, 4 mM MgCl2, and 6 mM MCE to keep the 
KCl concentration low. The cell-free protein 
synthesis assay contained 0.1 mg polysomal protein/ 
ml, 4 mg cell-sap protein/ml, concentration as 
shown, 50 mM Tris-HCl, pH 7.5 at 24 C or 50 mM 
HEPES, pH 7.5 at 24°C, 4 mM MgCl2, (in Tris-
buffered assays) or 2.5 mM MgCl2 (in HEPES-
buffered assays), 1 mM ATP, 0.2 mM GTP, 20 mM 
creatine phosphate, 20 ^g/ml creatine phosphokinase, 
6 mM MCE, 0.03 mM of each of 20 amino acids, and 
2 ^Ci/ml ^^C(U)-leucine in a final volume of 100 ^1. 
Incubation was at 37°C for 15 min. Vertical lines 
are plus or minus standard errors of 9 determina­
tions on 3 preparations from 3 different animals. 
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Tris- and HEPES-buffered incorporation media should differ 
because neither Tris nor HEPES bind ions. 
2+ The optimal Mg concentration in the cell-free protein 
synthesis system constituted from muscle components also 
differed depending on whether Tris or HEPES buffers were 
2+ 
used (Figure 19). Optimal Mg concentration was 4 mM in 
Tris-buffered incubation media and 2.5 mM in HEPES-buffered 
media. Again, specific activities of Tris-buffered and HEPES-
2+ buffered media were similar at their respective optimal Mg 
concentrations (Figure 19), and again, it is unclear why 
2+ 
optimal Mg concentration should differ for Tris and HEPES-
buffered solutions. 
GTP is required for several different reactions in 
protein synthesis. The GTP is hydrolyzed to GDP and inorganic 
phosphate as a result of these reactions. GDP has been shown 
to inhibit protein synthesis (Walton and Gill, 1975). Hence, 
it is necessary to add a system that will regenerate GTP from 
GDP in protein synthetic systems rather than simply add an 
excess of GTP. The exact role of ATP in synthesis of protein 
from different aminoacyl-tRNA species by polysomes is unclear, 
but it is known that the presence of ATP increases the amount 
of protein synthesized. No evidence can be found that ATP is 
needed for initiation of polypeptide chains, for chain elonga­
tion, or for chain termination (Figure 1). ATP does act to 
regenerate aminoacyl-tRNA species from deacylated tRNA during 
2+ Figure 19. Effect of Mg concentration in the incubation 
media on rate of amino acid incorporation in Tris-
buffered or HEPES-buffered incubation media. 
Cell-sap enzymes (0.04 ml) and polysomes (0.01 ml) 
contributed 1.6 and 0.4 moles of Mg2+, 
respectively. Additional magnesium was added 
directly to the assay medium to produce the final 
Mg^"^ concentration shown. The cell-free protein 
synthesis assay contained 0.1 mg polysomal protein/ 
ml, 4 mg cell-sap protein/ml, 40 mM CKl (in Tris-
buffered assays) or 100 mM KCl (in HEPES-buffered 
assays), 50 mM Tris-HCl, pH 7.5 at 24° C or 50 mM 
HEPES, pH 7.5 at 24° C, Mg2+ concentration as shown, 
1 mM ATP, 0.2 mM GTP, 20 mM creatine phosphate, 
20 jLtg/ml creatine phosphokinase, 6 mM MCE, 0.03 
mM of each of 20 amino acids, and 2 ^Ci/ml 
(u)-leucine in 100^1 final volume. Incubation 
was at 37°C for 15 min. Vertical lines are plus 
or minus standard errors of 9 determinations done 
on 3 preparations from 3 different animals. 
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protein synthesis and may aid in regeneration of GTP from GDP. 
In both these processes, ATP is hydrolyzed to ADP. Hence, a 
GTP regenerating system may actually work through regeneration 
of ATP. The creatine phosphokinase-creatine phosphate-ATP 
(GTP) regenerating system was used in this study and has been 
used by others in similar studies (Adamson et al., 1968). The 
concentrations of nucleoside triphosphate and creatine 
phosphate in cell-free protein synthesis systems is important 
2+ because these phosphate compounds bind Mg and other cations 
and may lower their effective concentrations in the incubation 
medium. Therefore, an extensive set of experiments was done 
to determine optimal ATP, GTP, creatine phosphokinase, and 
creatine phosphate concentrations in the cell-free protein 
synthesis assay containing skeletal muscle components (Table 
23). Optimal ability to incorporate amino acids into TCA-
precipitable protein was obtained when using 1 mM ATP, 0.2 mM 
GTP, 20 ^g/ml creatine phosphokinase, and 20 mM creatine 
phosphate (Table 23). Nucleoside diphosphate kinase was 
added to some assays to determine whether addition of this 
enzyme, which catalyzes interconversions among GTP, GDP, ATP, 
and ADP, would have any effect on specific activity of the 
cell-free protein synthesis systems. That addition of nucleo­
side diphosphate kinase had no effect on specific activity of 
these assays indicates that GDP is being rapidly regenerated 
to GTP in these systems, and GDP is not accumulating in 
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Table 23. Effect of different ATP, GTP, creatine phosphate, 
and creatine phosphokinase levels in the incubation 
medium on rate of amino acid incorporation in a 
cell-free assay 
^'^C-leucine 
Incorporated 
Conditions mg Protein^ 
Control^ 594+28° 
No ATP, GTP, CP or CPK 122± 2° 
CPK, 0.0 pg/ml; CP, 0.0 mM 493+20* 
CPK, 20 jUg/ml; CP, 0.0 mM 366+ 4° 
CPK, 20 fig/ml; CP, 40 mM 303+11% 
CPK, 20 #g/ml; CP, 60 mM 216133% 
CPK, 50 i x g / m l }  CP, 20 mM 437117° 
CPK, 100 f x g / m l ;  CP, 20 mM 543± 8^ 
GTP, 0.0 mM® 238+ 5^ 
GTP, 0.1 mM® 292+19° 
GTP, 0.2 mM® 349± 
GTP, 0.5 mMS 317+193 
^pmoles L-leucine-^^C(U) incorporated/mg polysomal 
protein/15 min. 
^The control incubation system contains 40 mM KCl, 50 mM 
Tris-HCl, pH 7.5 at 24°C, 4 mM MgCl2, 6 mM MCE, 20 mM creatine 
phosphate (CP) , 20 fig/ml creatine phosphokinase (CPK) , 1 mM 
ATP, 0.2 mM GTP, 0.03 mM of each of 20 amino acids, 2 jyCi/ml 
^^C(U)-leucine, 0.10 mg polysomal protein/ml, and 4.0 mg cell-
sap enzymes/ml. Control levels of these factors are included 
in all incubations except where noted. 
^Figures are means plus or minus standard errors of 6 
determinations done on 2 different preparations. 
^Figures are means plus or minus standard errors of 3 
determinationd done on 1 preparation. 
®ATP, CP, and CPK were omitted from the incubation 
medium. 
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Table 23 (Continued) 
14c-leucine 
Incorporated 
Conditions mg Protein^ 
ATP, 0 . 0 mM 
ATP, 1 mM^ 
ATP, 2 mM^ 
ATP, 5 mM 
ATP, 0, .0 mM 
ATP, 1 mM 
ATP, 2 mM 
ATP, 5 mM 
349+ gd 
531±13^ 
479+28^ 
430± 5° 
435129^ 
527±20^ 
490+49% 
62±12^ 
^CP and CPK were omitted from the incubation medium. 
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concentrations sufficient to cause inhibition of protein 
synthetic activity. It is also evident from the results in 
Table 23 that high concentrations of GTP and ATP inhibit rate 
of amino acid incorporation into TCA-precipitable protein 
in cell-free protein synthesis systems composed of muscle 
2+ 
components. This inhibition may be the result of Mg 
binding at high levels of either of these nucleoside 
triphosphates. 
Optimal amino acid concentration in the cell-free protein 
synthesis system was 0.03 of each of the 20 amino acids 
added. This concentration of added amino acids was critical 
for incorporation assays involving 1 hr incubations. Either 
0.01 or 0.03 ^  of each of the 20 different amino acids gave 
identical optimal activity if only 5 min incubations were used. 
Optimizing conditions for amino acid incorporation into protein 
The next variable assayed in the cell-free protein 
synthesis systems composed of muscle components was the rate 
of acylation of nonacylated tRNA. If, for some reason, most of 
the tRNA in the cell-sap enzyme fraction obtained from muscle 
cells is unacylated, and if rate of tRNA acylation in these 
cell-sap enzyme fractions is slower than rate of incorporation 
of amino acids into peptide linkages, then rate of tRNA 
acylation will be the factor controlling rate of incorporation 
of amino acids into TCA-precipitable peptides. To insure that 
rate of tRNA acylation was not limiting rate of amino acid 
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incorporation in the protein synthesis assays used in this 
study, an experiment was done to determine the rate of tRNA 
acylation in this system and to estimate the amount of 
unacylated tRNA in the cell-sap enzyme fractions used in the 
protein synthesis assays. Cell-sap enzyme fractions were 
incubated in the complete amino acid incorporation medium 
but without polysomes. After specified times of incubations, 
aliquots were withdrawn and the tRNA in these aliquots was 
precipitated with cold 10 percent TCA. The amount and rate of 
tRNA acylation could then be determined by measuring the 
amount of ^^C-leucine bound to the precipitated tRNA. A 
biphasic rate of ^^C-leucine incorporation into the precipi­
tated tRNA was observed, both in the absence and in the 
presence of added rabbit liver tRNA (Figure 20). The rapid 
initial rate is due to acylation of the nonacylated tRNA 
molecules in the cell-sap enzyme preparation; whereas, the 
slower subsequent reaction was probably due to exchange of 
radioactive amino acids in the medium with nonradioactive 
amino acids already bound to the tRNA before the reaction was 
initiated. Extrapolation of the slow reaction rate to 0 min 
(to) provides an estimate of the concentration of nonacylated 
tRNA in the cell-sap enzyme fraction before initiation of the 
reaction. This nonacylated tRNA concentration was calculated 
as 8.9 pmoles tRNA^®^ per mg cell-sap RNA for bovine 
longissimus dorsi cell-sap enzymes. Addition of 20 jug of 
Figure 20. Time course of acylated tRNA from bovine 
longissimus dorsi muscle in the presence and 
absence of rabbit liver tRNA^®^. 
Dialyzed cell-sap enzymes (17.5 fxg RNA/ml) were 
incubated in incorporation media without polysomes 
for the times indicated at 37°C. The assay media 
contained 40 mM KCl, 50 mM Tris-HCl, pH 7.5 at 
24° C, 4 mM MgCl2, 1 mM ATP, 0.2 mM GTP, 20 mM 
creatine phosphate, 20 (ig/ml creatine 
phosphokinase, 6 mM MCE, 2 juCi/ml (U)-leucine, 
and 200 ^g of stripped rabbit liver tRNA/ml 
where indicated in 100 jjX final volume. The 
reaction was stopped with 1.0 ml cold TCA 
(10 percent, w/v) containing 3 mg/ml cold 
L-leucine. The precipitate was washed thoroughly, 
and radioactivity of the resolubilized acylated 
tRNA was determined. 
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rabbit liver tRNA that had been stripped before being added 
to the incorporation media resulted in an estimate of 42.7 
pmoles unacylated tRNA^®^ per mg of cell-sap RNA. The results 
in Figure 20 show that rate of tRNA acylation is at least as 
fast as rate of amino acid incorporation into TCA-precipitable 
protein under the conditions of the assay used in this study 
(cf. Figures 20 and 22 for example). It is also evident from 
the results in Figure 20 that heterologous rabbit liver tRNA^®^ 
is acylated at the same rate as endogenous tRNA^®^ by the muscle 
cell-sap enzymes. The slightly greater rate of the second or 
slow reaction suggests that exchange of radioactive amino 
acids in the medium for nonradioactive amino acids bound to 
the tRNA before the acylation reaction was started is either 
slightly faster for bovine longissimus tRNA^®^ than for rabbit 
liver tRNA^®^ or a higher proportion of the bovine longissimus 
I0II tRNA was acylated already before the reaction was begun. 
Because the rabbit liver tRNA added to this reaction was 
purposely stripped before use, the latter possibility is the 
more likely one. 
A series of experiments were also done to determine the 
optimal procedures to assay the amount of radioactive amino 
acids incorporated into TCA-precipitable protein. These 
experiments tested different conditions for precipitating and 
collecting the newly synthesized peptides and for reducing 
nonspecifically bound radioactive amino acids that would 
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contribute to high blank or control values. The protein 
synthesis reaction was stopped by adding 50 fig of purified 
RNase in 25 fjX to the 100 j^l reaction volume and continuing 
the incubation at 37° for an additional 5 min. This 5 min 
incubation was then followed by addition of 1 ml of cold, 
10 percent TCA (w/v) containing 3 mg of nonradioactive 
leucine/ml to precipitate all protein in the incubation tubes. 
Incubation with RNase before protein precipitation with the 
10 percent TCA was necessary to hydrolyze tRNA (both aminoacyl-
tRNA and any peptidyl-tRNA) so that this tRNA would not also 
be precipitated by the TCA and the radioactive amino acids 
bound to tRNA be counted as newly synthesized protein. After 
RNase digestion for 5 min at 37°C, only the ribosomal and cell-
sap proteins in the incubation mixture and the newly synthesized 
peptides were precipitated by TCA. An equally effective method 
for preventing precipitation of radioactive amino acids bound 
to tRNA was to deacylate the aminoacy1-tRNA by adding 0.2 ml 
of 1 M Tris-HCl, pH 10.0, to the 0.1 ml incorporation assay. 
When this method was used, the incorporation tubes were 
incubated for an additional 20 min at 37°C. Either deacylation 
at pH 10 or tRNA hydrolysis with RNase produced equally low 
background radioactivity in corttrol or blank tubes containing 
cell-sap enzymes without polysomes. Although several reports 
have described heating the TCA precipitate at 90°C for 15 min 
as an effective method for deacylating aminoacyl- and 
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peptidyl-tRNA, this procedure consistently resulted in loss of 
total radioactivity and higher background radioactivity in 
cell-sap controls in this study. The reason for this is 
unclear, although heating TCA precipitates is known to 
solubilize collagen peptides (Lazarides andLukens, 1971). 
Hence, to the extent that the cell-free protein synthesis 
system used in the present study synthesized collagen, loss 
of collagen peptides could account for some of the loss of 
radioactivity observed in this study when TCA precipitates 
were heated at 90°C. As will be shown subsequently in a 
subsection of this section; however, some collagen was 
synthesized by the cell-free protein synthesis system 
developed in this study, but it seems unlikely that loss of 
collagen peptides could account for all the loss of radio­
activity observed during heating of TCA precipitates at 90°C. 
Solubilizing the TCA precipitates with 0.2 ml of 1 N 
NaOH at room temperature reduced radioactivity in cell-sap 
control tubes from 30 percent of the radioactivity in sample 
tubes to only 3 to 7 percent of the radioactivity in sample 
tubes and was therefore an important step in the procedure used 
to assay activity of muscle polysomes. Evidently, solubilizing 
the TCA-precipitate released some ^^C-leucine that had been 
either entrapped in the TCA precipitate or had been non-
covalently bound or adsorbed to the precipitate. 
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After a second precipitation with cold 10 percent TCA 
(w/v) containing 3 mg/ml of nonradioactive leucine, the TCA-
precipitate containing the radioactive, newly synthesized 
peptides was collected on Reeve-Angel No. 934AH filter discs. 
These filter discs gave higher retention of radioactive 
peptides at a faster filtration rate and less clogging than 
Whatman GF/B, GF/C, GF/D, and GF/F filter discs or Millipore 
glass fiber filters and were comparable to Whatman GF/A filter 
discs. Millipore filters made of mixed esters of cellulose 
gave satisfactory retention of radioactivity but clogged 
frequently. The Reeve-Angel No. 934AH filter discs were also 
more economical, which was an important factor because of the 
large number of filtrations needed for the incorporation 
assays. 
It generally was unnecessary to add carrier bovine serum 
albumin before TCA precipitation because the incorporation 
assay contained 0.36 to 0.41 mg protein from the cell-sap 
enzymes and the polysomes in the assay itself, and a maximum 
amount of protein recommended in the TCA-precipitate is 0.5 mg. 
Although it has been reported (Gary R. Beecher, USDA, personal 
communication) that allowing the first TCA precipitate of the 
incorporation assay to sit for a prolonged period at 0°C 
increases random adsorption of amino acids to the precipitate, 
the length of time that this precipitate was allowed to sit at 
0° C seemed to have no effect on either the amount of 
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radioactivity precipitated or on the amount of background 
radioactivity in cell-sap controls in this study. The times 
tested were 2, 16, and 40 hrs of incubation at 0°C. That 
Dr. Beecher's observations were made with ^^C-phenylalanine, 
whereas the present study used ^^C-leucine may account in 
part for this difference in results. 
The time-course of ^^C-leucine incorporation into TCA-
precipitable peptides under several different combinations 
of cell-sap enzyme and polysomal protein concentration is 
shown in Figure 21. In all instances, the time-courses are 
those that would be expected for the combination of cell-sap 
enzymes and polysomal protein used if amino acids were indeed 
being incorporated into peptide linkages. The rate of 
incorporation was linear for up to 5 min if polysomal protein 
concentration was at least 0.05 mg/ml and cell-sap enzyme 
concentration was at least 1.5 mg/ml (Figure 21). The pH5 
precipitate of the cell-sap enzyme fraction was also effective 
in supporting amino acid incorporation into TCA-precipitable 
peptides. Rate of amino acid incorporation was linear for 
5 min even when only 0.29 mg of pH5 precipitate protein was 
used (Figure 21). Addition of 0.125 mg rabbit liver tRNA/ml 
had no effect on rate of amino acid incorporation in an 
incorporation assay that already contained 0.10 mg polysomal 
protein/ml and 4.0 mg cell-sap enzymes/ml; this result confirms 
the conclusion made earlier in this section that rate of tRNA 
Figure 21. Time course of C-leucine incorporation into 
TCA-precipitable protein in a cell-free protein 
synthesis system containing polysomes and cell-
sap enzymes from bovine longissimus dorsi 
muscle. 
Cell-sap enzymes were added in 25 or 40 jjtl 
to give the cell-sap protein concentrations 
indicated. Polysomes were added in 10 or 25 fiL 
to give the polysomal protein concentrations 
indicated. Transfer RNA (0.125 mg/ml) was added 
in 10 lil and pH5 enzyme precipitate (0.29 mg/ml) 
was added in 40 ^1 where indicated. All vitro 
protein synthesis assays contained, in addition 
to the above, 40 mM KCl, 50 mM Tris-HCl, 
pH 7.5 at 24 C, 4 mM MgCl2, 1 mM ATP, 0.2 mM 
GTP, 20 mM creatine phosphate, 20 /ig/ml creatine 
phosphokinase, 6 mM MCE, 0.03 mM of each of 20 
amino acids, and 2 pCi/ml l^C(U)-leucine in 100 
UX final volume. Incubation was at 37® C for 
the times indicated. 
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acylation in the incorporation assay used in this study is 
sufficiently rapid to prevent it from becoming the rate-
limiting factor in amino acid incorporation. More detailed 
experiments attempting to establish conditions under which 
cell-sap enzymes or polysomal protein are rate-limiting will 
be discussed later in this section. 
It was important to establish at an early stage that the 
radioactivity measured in TCA-precipitates was due to amino 
acid incorporation into peptide linkages and not to some 
unusually stable adsorption of radioactive amino acids to 
TCA-precipitable material. This problem was approached in two 
ways. The first approach involved assay of sucrose density 
gradient profiles of polysomes after different periods of 
incubation in the cell-free protein synthesis assay. If 
protein was indeed being synthesized in this assay system, 
ribosomes should move along the mRNA strand and eventually 
come to the end of the strand and drop off. Hence, there 
should be a pattern of a gradually increasing 80S monosome peak 
paralleling a gradual decrease in amount of heavy, rapidly 
sedimenting polysomes in the sucrose density gradient profile 
of polysomes after increasing periods of incubation in the 
cell-free protein synthesis assay. That this pattern is the 
one actually observed (Figure 22), supports the conclusion that 
amino acids are indeed being incorporated into peptide linkages 
in the cell-free protein synthesis system developed in this 
( 
Figure 22. Effect of incubation with cell-sap enzymes at 37°C 
in a cell-free protein synthesis system on 
density-gradient centrifugation profiles on 15 -
40 percent linear sucrose gradients of purified 
polysomes from bovine longissimus dorsi muscle. 
A cell-free protein synthesis assay containing 0.13 
mg polysomal protein in 25 (jX of KTM buffer, 0.35 
mg cell-sap enzymes in 25 fil of KTM buffer, 40 mM 
KCl, 50 mM Tris-HCl, pH 7.5 at 24°C, 4 mM MgCl2, 
1 mM ATP, 0.2 mM GTP, 20 mM creatine phosphate, 
20 fjg/ml creatine phosphokinase, 6 mM MCE, 0.03 
mM of each of 20 amino acids, and 2 jtiCi/ml 
(U)-leucine in 100 ^ 1 final volume was incubated 
at 37°C for 0.5 or 30 min before being chilled 
immediately to 0°C in an ice bath. The incubation 
mixtures were immediately layered onto 12 ml of a 
15 - 40 percent continuous sucrose density 
gradient containing 60 mM KCl, 50 mM Tris-HCl, 
pH 7.5 at 24°C, and 4 mM MgCl2 and were centrifuged 
at 180,000 x^max for 1.5 hr. Direction of 
sedimentation is from right to left. The control 
polysome gradient was made by layering 25 ^1 of 
purified polysomes (step VI, Figure 2) containing 
5.4 OD260 units and 0.13 mg polysomal protein 
onto an identical sucrose density gradient and 
handling it identically. 
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study. An increase in the size of the 80S monosome peak and a 
decrease in the amount of heavy, rapidly sedimenting polysomes 
can be noticed already in the sample that was not incubated at 
37°C (the 0-min sample in Figure 22). This result probably 
occurred because some small amount of protein synthesis 
occurred, even at the 0 to 4° C temperature at which the density-
gradient centrifugation was done, after cell-sap enzymes were 
added, and some ribosomes came to the end of their mRNA strand 
and dropped off during this period. 
The second approach to attempting to insure that amino 
acids were being incorporated into peptide linkages in the 
cell-free protein synthesis system developed in this study 
involved monitoring the appearance and disappearance of 
radioactive amino acids from sedimentable ribosomal fractions. 
In this experiment, the ribosomes, which would contain all 
unfinished, nascent peptide chains bound to their surfaces, 
were separated from the remainder of the assay system by 
centrifugation at 240,000 xg^^^ for 1 hr before addition of TCA 
and determination of the amount of radioactive amino acids 
incorporated into TCA-precipitable material. If amino acids 
are actually being incorporated into peptide linkages in the 
cell-free protein synthesis system used in this study, the 
amount of radioactive amino acids bound to ribosomes should 
first increase during incubation at 37°C, as ribosomes 
incorporate the added radioactive amino acids into the 
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polypeptide chains they have initiated, and then decrease as 
these polypeptide chains are finished and released from the 
ribosome into the supernatant. Correspondingly, the amount of 
radioactive amino acids incorporated into TCA-precipitable 
material that is not sedimented with ribosomes should increase 
almost linearly during the incubation period until all 
ribosomes have run off their mRNA strands (assuming no re­
initiation) at which time amount of radioactivity in the 
unsedimented supernatant should remain constant. That this 
pattern is the one actually observed (Figure 23) again 
substantiates the conclusion that amino acids are indeed being 
incorporated into peptide linkages in the cell-free protein 
synthesis system developed in this study. After an initial 
burst in appearance of radioactivity 2 min after the incubation 
had begun, radioactivity appears in the unsedimented, super­
natant fraction at a linear rate for nearly the entire 60 min 
period studied (Figure 23). On the other hand, radioactivity 
appeared in the sedimented ribosomal pellet at a linear rate 
only for the first 5 min of incubation (Figure 23). This period 
corresponds to the period during which rate of total amino 
acid incorporation is linear with time (Figures 22 and 23). 
After this first 5 min, the rate of appearance of radioactivity 
in the sedimented ribosomal pellet begins to decrease as more 
ribosomes finish their polypeptide chains and drop off their 
mRNAs (Figure 23). Amount of radioactivity in the sedimented. 
Figure 23. Changes in C-leucine content of free and 
polysomal-bound, TCA-precipitable peptides in 
a cell-free protein synthesis system containing 
polysomes and cell-sap enzymes from bovine 
longissimus dorsi muscle. 
The ^  vitro protein synthesis assays contained 
0.134 mg of polysomal protein added in 40 fjX, 0.58 
mg of cell-sap enzymes added in 40 ^1, 40 mM KCl, 
50 mM Tris-HCl, pH 7.5 at 24°C, 4 mM MgCl2, 1 mM 
ATP, 0.2 mM GTP, 20 mM creatine phosphate, 20 
/xg/ml creatine phosphokinase, 6 mM MCE, 0.03 mM 
of each of 20 amino acids, and 2 yCi/ml 1^0(0)-
leucine in 200 ^1 final volume. Incubation was 
at 37°C. At the times indicated, 25 ^1 containing 
50 ixg RNase was added to the incorporation assay 
and incubation was continued for 5 min at 37° C. 
The entire incorporation assay was then centrifuged 
at 240,000 xg^ax for 1 hr. The supernatant was 
carefully an3 completely removed from the 
centrifuge tube and both the supernatant and the 
sedimented pellet were treated with 1 ml of 10 
percent TCA (w/v) containing 3 mg/ml cold leucine. 
One-half mg of bovine serum albumin was added to 
each pellet fraction before addition of the TCA. 
The TCA precipitates were removed by filtering 
and the radioactivity in these precipitates was 
measured as described in the Materials and Methods. 
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ribosomal fraction reaches a maximum after 15 min of incubation 
and decreases gradually to zero after 60 min of incubation 
(Figure 23). Thus, under the conditions of the experiment 
shown in Figure 23, no additional protein synthesis occurred 
after 60 min of incubation. The end of protein synthesis may 
have occurred either because all amino acids or the total 
energy supply in the incubation mixture had been exhausted or 
because all ribosomes had run off their mRNA'a and no or very 
little reinitiation was occurring. No attempt was made to 
determine which of these two possibilities actually caused 
cessation of protein synthesis in this assay system. 
After it had been established that amino acids were indeed 
being incorporated into peptide linkages in the cell-free 
protein synthesis system using skeletal muscle components, a 
series of experiments were done to determine conditions under 
which amount of cell-sap enzymes were limiting rate of amino 
acid incorporation and conditions under which amount of poly­
somes were limiting rate of amino acid incorporation. Current 
knowledge of the mechanism of protein synthesis suggests that 
when cell-sap enzymes are rate-limiting, sufficient polysomes 
exist to give a greater rate of amino acid incorporation than 
that actually occurring, but amino acid incorporation is slowed 
because there are not enough cell-sap enzymes to catalyze 
movement of ribosomes along the mRNA strand as rapidly as is 
possible. Comparison of activities of cell-sap enzyme fractions 
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from different sources must be done under conditions where cell-
sap enzymes are rate-limiting. 
The concept of polysomes being rate-limiting is somewhat 
different. When polysomes are rate-limiting, the individual 
ribosomes are each incorporating amino acids at their maximum 
possible rate, because plenty of cell-sap enzymes exist to 
catalyze the maximum possible rate. The rate of amino acid 
incorporation, however, is limited by the number of ribosomes 
present. Comparison of activities of polysomal fractions from 
different sources must be done under conditions where polysomes 
are rate-limiting, but the differences observed in such a 
comparison could originate for several different reasons. 
(1) Such differences could mean that the transfer factors and 
other factors involved in peptide bond formation and bound to 
the ribosomes are innately more active or more abundant in one 
set of ribosomes; (2) These differences could also indicate 
that one set of ribosomes is better able to reinitiate poly­
peptide synthesis than the other set; or (3) Such differences 
could indicate that one set of polysomes contains more ribosomes 
per unit length of mRNA than the other set. Because polysomes 
were added on the basis of protein content in the experiments 
in this study, however, greater density of ribosomes would be 
compensated automatically by addition of smaller numbers of 
polysomes. Hence, differences in activities of polysomal 
fractions from different sources in the present study must 
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originate from either or both of the first two of the three 
possibilities listed. Because of this, comparisons of 
activities of different polysomal fractions were done by 
using very long incubation times of 60 min that would allow 
most of the ribosomes on the polysomes to run off (see 
Figure 23) and would permit more accurate estimates of the 
rate of such run-off. 
The effect of increasing polysomal protein on rate of 
amino acid incorporation in the cell-free protein synthesis 
system developed in this study is shown in Figure 24 for 
three different levels of cell-sap enzymes. Rate of amino 
acid incorporation increased with increasing amount of poly­
somal protein added for all three levels of cell-sap enzymes 
used until a cell-sap protein to polysomal protein ratio of 
3.2-8 to 1 was reached. Below this cell-sap protein to 
polysomal protein ratio, the rate of amino acid incorporation 
plateaued. Hence, cell-sap enzymes become rate-limiting at 
cell-sap protein to polysomal protein ratios below 3.2. A 
cell-sap protein to polysomal protein ratio of 2.5 was chosen 
for all assays to be done under conditions where cell-sap 
enzymes were rate-limiting in the present study. The plateau 
of rate of amino acid incorporation reached when 4.0 mg cell-
sap protein/ml were present was approximately twofold higher 
than the plateau reached when 1.6 mg cell-sap protein/ml were 
present (Figure 24). This circumstance confirms that 
Figure 24. Effect of polysomal protein concentration on rate 
of leucine incorporation into TCA-precipitable 
protein in a cell-free protein synthesis assay 
done at three different cell-sap enzyme levels. 
Numbers in parentheses indicate ratio of cell-sap 
protein to polysomal protein in the assay. ..Cell-
sap enzymes and polysomes were added in 25 yl 
each to give the cell-sap protein and polysomal 
protein concentrations indicated. Assays done 
with 2.5 mg cell-sap protein/ml used cell-sap 
enzymes and polysomes prepared from longissimus 
dorsi muscle of double-muscled bovine animals fed 
a high-energy ration. Other assays used cell-sap 
enzymes and polysomes prepared from longissimus 
dorsi muscle of normal bovine animals. All in 
vitro protein synthesis assays contained a cell-
sap and polysomal protein concentrations indicated, 
40 mM KCl, 50 mM Tris-HCl, pH 7.5 at 24° C, 4 mM 
MgCl2, 1 mM ATP, 0.2 mM GTP, 20 mM creatine 
phosphate, 20 yg/ml creatine phosphokinase, 
6 mM MCE, 0.03 mM of each of 20 amino acids, and 
2 j^Ci/ml ^^C(U)-leucine in a final volume of 100 
fil. Incubation was at 37° C for 5 min. 
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cell-sap protein is rate-limiting at the plateau observed in 
Figure 24 because rate of amino acid incorporation should be 
proportional to cell-sap protein concentration under such 
conditions, and doubling the amount of cell-sap protein should 
double the rate of amino acid incorporation. The plateau in 
rate of amino acid incorporation was much higher when cell-
sap enzymes from a double-muscled bovine animal was used than 
when cell-sap enzymes from normal bovine animals were used 
(Figure 24). As will be discussed in the last section of 
this thesis, double-muscled bovine animals had unusually active 
cell-sap enzymes. Although the results shown in Figure 24 
define the ratio of cell-sap protein to polysomal protein 
necessary to conduct assays of rate of amino acid incorporation 
under conditions where cell-sap enzymes were rate-limiting, 
they do not specify how much protein should optimally be in 
the assay. Hence, assays could be done at 0.025 mg cell-sap 
protein and 0.01 mg polysomal protein/ml or at 5.0 mg cell-sap 
protein and 3.0 mg polysomal protein/ml and both would be done 
under conditions where cell-sap proteins are rate-limiting. As 
indicated previously in this section, however, the procedure 
used to TCA precipitation and collection of the TCA precipitate 
was optimized on the assumption that the incorporation tubes 
contained at least 0.20 mg of protein to be precipitated. The 
results shown in Table 24 confirm that total protein in the 
assay should be at least 0.20 mg if accurate measurements of 
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Table 24. Effect of total protein in a cell-free protein 
synthesis system on observed rate of 14c-leucine 
incorporation into TCA-precipitable protein 
Polysomal Cell-sap Enzyme Total pmoles^^C-leucine 
Protein Protein in Protein in Incorporated/mg 
in Assay Assay AssayB Polysomal Protein/ 
(mg) (mg) (mg) 15 min 
0.013 0.031 0.044^ 6 ±0^ 
0.025 0.063 0.088° 15 ±1^ 
0.038 0.094 0.132* 37 ±0^ 
0.050 0.125 0.175* 45 ±1^ 
0.063 0.156 0.219^ 50 ±1^ 
0.078 0.195 0.273* 52 ±1° 
0.088 0.219 0.307* 51 ±1^ 
0.100 0.250 0.350* 50 ±1^ 
^Polysomal and cell-sap enzyme protein concentrations were 
adjusted with SKTM3 buffer so the protein level shown could be 
obtained by adding 25 jul of each. Polysomes and cell-sap 
enzymes were both prepared from bovine longissimus dorsi muscle 
and were added to the incorporation to give a cell-sap protein 
to polysomal protein ratio of 2.5 or 15.6, as indicated. 
^Cell-sap protein to polysomal protein ratio is 2.5 by 
weight. 
C Figures are means plus or minus standard errors of 2 
determinations done on 1 preparation. 
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Table 24 (continued) 
Polysomal Cell-sap Enzyme Total pmoles^'^C-leucine 
Protein Protein in Protein in Incorporated/mg 
in Assay Assay Assay^ Polysomal Protein/ 
(mg) (mg) (mg) 15 min 
0.125 0.313 0.438% 48 ±lj 
0.010 0.156 0.166% 121®±0^ 
0.010 0.156 0.366°'9 150®±0^ 
0.010 0.156 0.666 ' 145®±1 
"^Cell-sap protein to polysomal protein ratio is 15.6 by 
weight. 
S 14 pmoles L-leucine- C(U) incorporated/mg polysomal 
protein/15 min. 
^Figures are means plus or minus standard errors of 3 
determinations done on 1 preparation. 
^0.2 mg of BSA added prior to addition of 10 percent 
(w/v) TCA. 
^0.5 mg of BSA added prior to addition of 10 percent 
(w/v) TCA. 
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the amount of radioactive amino acid into TCA-precipitable 
protein are to be made. Some of the incorporated radioactivity 
seems to be lost if TCA-precipitation and precipitate 
collection is done with less than 0.20 mg protein in the assay. 
Although total protein in the assay could be brought up to 
0.20 mg by adding bovine serum albumin, lack of cell-sap or 
polysomal protein was never a problem during this study, and it 
was more convenient simply to add enough cell-sap and poly­
somal protein to insure that the assay always contained at 
least 0.2 mg protein, regardless of the ratio of cell-sap 
protein to polysomal protein. 
The effect of increasing polysomal protein on rate of 
amino acid incorporation in the cell-free protein synthesis 
systems containing skeletal muscle components is shown in 
Figure 25 for six different levels of polysomal protein. Rate 
of amino acid incorporation into TCA-precipitable protein 
increased until cell-sap protein to polysomal protein ratios 
of 400 to 1 were reached (Figure 25). It was possible to 
reach this very high ratio of cell-sap protein to polysomal 
protein only when the amount of polysomal protein in the cell-
free assays was 10 yg/ml or less (Figure 25). At cell-sap 
protein to polysomal protein ratios above 400, rate of amino 
acid incorporation plateaued and the amount of polysomal 
protein in the assay became rate-limiting. This same ratio 
of 400 parts cell-sap protein to 1 part polysomal protein. 
Figure 25. Effect of cell-sap enzyme concentration on rate of 
l^C-leucine incorporation into TCA-precipitable 
protein in a cell-free protein synthesis assay done 
at six different polysomal protein levels. 
Numbers in parentheses indicate ratio of cell-
sap protein to polysomal protein in the assay. 
Polysomes and cell-sap enzymes were added in 10 
and 40 respectively, to give the polysomal 
protein and cell-sap protein concentrations 
indicated. Assays done with 10 ^g polysomal 
protein/ml (DM) used polysomes and cell-sap 
enzymes prepared from longissimus dorsi muscle of 
double-muscled bovine animals fed a high-energy 
ration. Other assays used polysomes and cell-
sap enzymes prepared from longissimus dorsi muscle 
of normal bovine animals. All jja vitro protein 
synthesis assays contained the cell-sap and poly­
somal protein concentrations indicated, 40 mM 
KCl, 50 mM Tris-HCl, pH 7.5 at 24°C, 4 mM MgClg, 
1 mM ATP, 0.2 mM GTP, 20 mM creatine phosphate, 
20 fxg/ml creatine phosphokinase, 6 mM MCE, 0.03 mM 
of each of 20 amino acids, and 2 ^Ci/ml ^^C(U)-
leucine in a final volume of 100 /il. Incubation 
was at 37°C for 60 min. 
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by weight, was found necessary to establish conditions for 
amount of polysomal protein to be rate-limiting regardless of 
whether dialyzed or chromatogrammed cell-sap enzymes from 
either bovine or porcine skeletal muscle were used. Addition 
of 10 fxg of stripped tRNA to the assay had no effect on the 
cell-sap to polysomal protein ratio required to make polysomal 
protein rate-limiting. This latter finding again indicates 
that the level of aminoacyl-tRNA and the rate of acylation of 
tRNA in the cell-sap enzyme fraction is high enough that 
availability of aminoacyl-tRNA never becomes rate-limiting. 
The very high cell-sap to polysomal protein ratios needed to 
make polysomal protein rate-limiting in the cell-free protein 
synthesis assays used in this study also resulted in such assays 
always containing more than the minimal 0.20 mg of protein in 
TCA-precipitates. The results shown in Table 25 indicate that 
a cell-sap to polysomal protein ratio of 400 to 1 was sufficient 
to make polysomal protein rate-limiting even if the incorpora­
tion assay was done for 5 or 10 min instead of the long 60 min 
assay used in Figure 25. As indicated previously in this 
section, however, the assay with polysomal protein rate-
limiting is essentially measuring innate ability of the ribo-
some to catalyze its movement along the mRNA strand or possibly 
some ability of ribosomes to rebind to mRNA and initiate 
polypeptide synthesis after they have completed synthesis of 
a first polypeptide chain. Because of this fact, longer 
Table 25. Effect of incubation time on the cell-sap to polysoraal protein ratio 
required to make polysomal protein rate-limiting in cell-free protein 
synthesis assays containing components from either bovine or porcine 
skeletal muscle^ 
Type 
of 
Animal 
Time 
of 
Incubation 
Polysome 
Concentration 
(jLig/ml) 2.4 
mg Cell-sap 
4.0 
Protein/ml 
5.6 7.2 
Bovine 15 min 10 136±12^ 199±15 231±26 229±24 
60 min 10 324±35^ 378± 9 383±13 387±15 
15 min 50 196± 4* 286± 6 419± 7 496±11 
60 min 50 305117^ 361+ 2 396±42 460±54 
Porcine 5 min 10 116+ ej 151±10 144±11 160+ 7 
15 min 10 159± 6^ 165±24 151± 3 15 4± 4 
5 min 50 114± 5® 130± 5 157+ 2 16 5± 3 
15 min 50 150± 89 161+ 6 17 3± 4 
^The cell-free protein synthesis system contained the cell-sap enzyme and poly­
somal protein concentrations indicated; 40 mM KCl, 50 mM Tris-HCl, pH 7.5 at 24°C, 
4 mM MgCl2/ 1 mM ATP, 0.2 mM GTP, 20 mM creatine phosphate, 20 jug/ml creatine 
phosphokinase, 6 mM MCE, 0.0 3 mM of each of 20 amino acids, and 2 jiCi/ml ^^C(U)-
leucine in 100 ^1 final volume. Incubation was at 37°C for the times indicated. 
^Meand plus or minus standard errors of 15 determinations done on 4 animals 
expressed as pmoles L-leucine-^^C(U) incorporated/mg polysomal protein/15 min. 
^Means plus or minus standard errors of 8 determinations done on 2 animals 
expressed as pmoles L-leucine-^^C(U) incorporated/mg polysomal protein/60 min. 
^Means plus or minus standard errors of 3 determinations done on 1 animal 
expressed as pmoles L-leucine-^ c^(u) incorporated/mg polysomal protein/15 min. 
®Means plus or minus standard errors of 4 determinations done on 1 animal 
expressed as pmoles L-leucine-^^C(U) incorporated/mg polysomal protein/5 min. 
^Means plus or minus standard errors of 8 determinations done on 2 animals 
expressed as pmoles L-leucine-l'^C(U) incorporated/mg polysomal protein/15 min. 
^Means plus or minus standard errors of 4 determinations done on 1 animal 
expressed as pmoles L-leucine-l^C(U) incorporated/mg polysomal protein/15 min. 
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incubation times up to the point that most ribosomes in the 
most rapidly moving category have run off their mRNA simply 
provide greater sensitivity in the assay. Therefore, 
incubation times of 60 min were routinely used when assaying 
under conditions where polysomal protein was rate-limiting. 
Because the pH5 supernatant and precipitate enzyme • 
fractions have different abilities to support incorporation 
of amino acids into TCA-precipitable protein in cell-free 
protein synthesis assays than whole cell-sap enzyme fractions 
do, several experiments were done to determine the effect of 
increasing pH5 supernatant or precipitate enzyme fraction on 
rate of amino acid incorporation in cell-free protein synthesis 
system containing mammalian skeletal muscle components (Figure 
26). Rate of amino acid incorporation into TCA-precipitable 
protein increased until a pH5 to polysomal protein ratio near 
40 was reached for the pH5 supernatant enzyme fraction and 
until a pH5 to polysomal protein ratio near 150 was reached 
for the pH5 precipitate enzyme fraction. Because polysomal 
protein becomes rate-limiting at a lower enzyme to polysomal 
protein ratio when either of the pH5 enzyme fractions are used 
than when whole cell-sap enzyme fractions were used suggests 
that treatment at pH5 has removed some catalytically-inactive 
protein from the cell-sap fraction. Treatment at pH5, however, 
must also either remove some catalytically-active protein or 
slightly denature one or more of the essential enzymes in the 
Figure 26. Effect of pH5 precipitate enzyme fraction or pH5 
supernatant enzyme fraction on rate of l^C-
leucine incorporation into TCA-precipitable 
protein in a cell-free assay. 
Numbers in parentheses indicate ratio of pH5 
enzyme fraction to polysomal protein in the assay. 
The pH5 enzyme fractions were added in 10 to 40 
fjX to give the enzyme protein concentrations 
indicated. Polysomes and pH5 enzymes were 
prepared from bovine longissimus dorsi muscle. 
The vitro protein synthesis assays contained 
pH5 enzyme fractions as indicated, 0.05 mg 
polysomal protein/ml, 40 mM KCl, 50 mM Tris-HCl, 
pH 7.5 at 24°C, 4 mM MgCl2, 1 mM ATP, 0.2 mM 
GTP, 20 mM creatine phosphate, 20 pg/ml creatine 
phosphokinase, 6 mM MCE, 0.03 mM of each of 20 
amino acids, and 2 ^Ci/ml (U)-leucine in a 
final volume of 100 jul. Incubation was at 37°C 
for 5 min. 
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cell-sap enzyme fraction because rate of incorporation at the 
plateau of activity (i.e., where polysomes were rate-limiting) 
was 40 percent lower for the pH5 precipitate enzyme fraction 
and 46 percent lower for the pH5 supernatant enzyme fraction 
than it was for the chromatogrammed cell-sap enzyme fraction. 
The effect of adding either pH5 precipitate or pH5 
supernatant enzyme fractions to a cell-free protein synthesis 
system containing a limited amount of cell-sap enzyme on rate 
of amino acid incorporation into protein in this system is 
shown in Figure 27. The results shown in this figure indicate 
that, as expected, either pH5 precipitate or pH5 supernatant 
enzyme fractions can substitute, at least in part, for the 
cell-sap enzyme fraction when this latter fraction is limiting 
activity in cell-free protein synthesis assays. Addition of 
the pH5 supernatant enzyme fraction stimulated amino acid 
incorporation into protein more than addition of an equal or 
even slightly greater amount of pH5 precipitate enzyme fraction 
did. This result agrees with the results shown in Figure 26 
where polysomes become rate-limiting at pH5 enzyme to polysomal 
protein ratios of 40 in assays containing pH5 supernatant 
enzyme fractions but did not become rate-limiting until pH5 
enzyme to polysomal protein ratios near 150 in assays 
containing pH5 precipitate enzyme fractions. This activity 
of the pH5 supernatant enzyme fraction may be due to the fact 
that this fraction has been reported to be enriched in 
Figure 27. Effect of adding pH5 precipitate enzyme fraction 
or pH5 supernatant enzyme fraction to a cell-free 
protein synthesis system deficient in cell-sap 
enzymes on rate of i^c-ieucine incorporation 
into TCA-precipitable protein. 
Numbers in parentheses indicate ratio of cell-sap 
protein to polysomal protein in the assays. The 
pH5 precipitate and pH5 in 25 /il, supernatant 
enzyme fractions contained 0.29 mg and 0.185 mg 
protein, respectively. The cell-sap enzymes were 
added in 40 ^1 to give the concentrations 
indicated, and the polysomes were added in 10 yl 
to give the concentrations indicated. Polysomes, 
cell-sap enzymes, and pH5 enzymes were all 
prepared from bovine longissimus dorsi muscle. 
The ill vitro protein synthesis assays contained 
the pH5 enzyme and cell-sap protein concentrations 
indicated, 10 or 50 jug polysomal protein/ml as 
indicated, 40 mM KCl, 50 mM Tris-HCl, pH 7.5 at 
24°C, 4 mM MgCl2, 1 mM ATP, 0.2 mM GTP, 20 mM 
creatine phosphate, 20 fig/ml creatine phosphokinase, 
6 mM MCE, 0.03 mM of each of 20 amino acids, and 
2 pCi/ml (U)-leucine in a final volume of 100 
jill. Incubation was at 37°C for 5 min. 
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elongation factors 1 and 2 (Alexis et al., 19 72; Castles and 
Wool, 1972). Addition of pH5 supernatant or pH5 precipitate 
enzyme fractions, either singly or in combination, produced 
about the same effect on rate of amino acid incorporation into 
protein as addition of an equivalent amount of cell-sap 
protein. Regardless of how much pH5 supernatant or pH5 
precipitate protein was added, the rate of amino acid incorpora­
tion could not be increased above the rate of incorporation 
achieved in the presence of cell-sap enzymes alone at their 
optimal concentration (Figure 25). 
The effect of inhibitors of protein synthesis on rate of amino 
acid incorporation in a cell-free muscle protein synthesis 
system 
The effects of different inhibitors of protein synthesis 
on the rate of amino acid incorporation in the cell-free protein 
synthesis system developed in this study is shown in Table 26. 
Cycloheximide, which inhibits transpeptidation by binding to the 
60S subunit of the ribosome and preventing normal attachment 
of the aminoacyl end of the aminoacyl-tRNA to this subunit, 
lowers rate of amino acid incorporation in the cell-free system 
developed in this study to only 14.4 percent of the control 
activity (Table 26). Chloramphenicol, which inhibits protein 
synthesis in prokaryotic systems but not in eukaryotic systems, 
lowers rate of amino acid incorporation in the cell-free 
protein synthesis system used in this study very slightly to 
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Table 26. Effect of different inhibitors on rate of amino 
acid incorporation into TCA-precipitable protein 
in a cell-free protein synthesis system 
containing polysomes and cell-sap enzymes from 
bovine longissimus dorsi muscle^ 
Concentration C-leucihe % of 
of Incorporated , Control 
Inhibitor mg Protein/60 Min Activity 
None 
Cycloheximide, 10 jixM. 
Chloramphenicol, 20 
Puromycin, 30 juM 
NaF, 10 fjjtA 
Ribonuclease, 40 juM 
Aurin tricarboxylic acid, 
50 ij^, 150 mM KClf 
50 im, 200 mM KCl^ 
50 mm, 250 mM KClf 
50 mm, 300 mM KClf 
340± Sj 100.0 
49+ if 14.4 
293+ 6° 86.2 
54± 1® 15.9 
211+ 3g 62.1 
2+ id 0.6 
236+ 4® 69.4 
240+14® 70.6 
254± 3® 74.7 
283± ge 83.2 
^The cell-free protein synthesis system contained 4.0 mg 
cell-sap enzyme protein/ml, 10 fxg polysomal protein/ml, 
40 mM KCl, 50 mM Tris-HCl, pH 7.5 at 24°C, 4 mM MgCl2, 
1 mM ATP, 0.2 mM GTP, 20 mM creatine phosphate, 20 jug/ml 
creatine phosphokinase, 6 mM MCE, 0.03 mM of each of 20 amino 
acids, 2 fiCi/ml ^'^C(U)-leucine, and the inhibitor additions 
indicated. Incubation was at 37° C for 60 min. 
^pmoles L-leucine-^^C(U) incorporated/mg polysomal 
protein/60 min. 
^Figures are means plus or minus standard errors of 8 
determinations done on 2 different preparations. 
^Figures are means plus or minus standard errors of 6 
determinations done on 2 different preparations. 
^Figures are means plus or minus standard errors of 3 
determinations done on 1 preparation. 
^Polysomes were isolated in SKTMl buffer at the KCl 
concentration indicated. 
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86.2 percent of control activity. This very slight inhibitory 
effect of chloramphenicol on the skeletal muscle protein 
synthesis system may be due to the presence of a small number 
of mitochondrial polysomes, which are inhibited by 
chloramphenicol, in the system, or it may be due to experimental 
error, or a combination of these two factors. The puromycin 
molecule structurally resembles the aminoacyl-adenyl end of 
the aminoacyl-tRNA molecule and competes with aminoacyl-tRNA 
for the P-site on the 60S ribosomal subunit. Addition of 
puromycin to a final concentration of 30 markedly inhibited 
rate of amino acid incorporation in the skeletal muscle cell-
free protein synthesis system (Table 26) . Addition of RNase 
to the protein synthesis system caused almost complete loss 
of amino acid incorporating ability (Table 26) . 
Both sodium fluoride and aurin tricarboxylic acid are 
supposed to inhibit initiation of ribosomes to start synthesis 
of new polypeptide chains without interfering with ability of 
ribosomes to complete already initiated polypeptides. It 
has generally been observed that it is very difficult to 
obtain reinitiation of new polypeptide chains in cell-free 
protein synthesis systems, and it was assumed that little or 
no such reinitiation was occurring in the cell-free protein 
synthesis system developed in the present study from skeletal 
muscle components. It was surprising, therefore, when NaF 
and aurin tricarboxylic acid lowered the rate of amino acid 
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incorporation in the cell-free protein synthesis system used 
in this study to 62 and 83 percent of the control activity, 
respectively (Table 26). This result could be due either to 
the fact that 17 - 38 percent of the amino acid incorporation 
occurring after 60 min in skeletal muscle cell-free protein 
synthesis system was due to reinitiation of new polypeptide 
chains, which seems very unlikely (see, for example, Figure 
23), or to some nonspecific inhibition of completion of already 
initiated polypeptide chains by the levels of sodium fluoride 
or aurin tricarboxylic acid used (Table 26). It was also 
noticed that the greater the KCl concentration of the buffer 
used for suspension of the minced muscle in the first step 
of polysome preparation (step I, Figure 2), the less the 
inhibition caused by aurin tricarboxylic acid (Table 26). 
This observation is consistent with the fact that higher salt 
is likely to remove larger amounts of initiation factors from 
ribosomes and thereby make these ribosomes less sensitive to 
inhibition by an agent that prevents reinitiation of new 
polypeptide chains. This single observation, however, does not 
prove that loss of initiation factors is the reason that poly­
somes prepared with more concentrated salt solutions are 
affected less by aurin tricarboxylic acid. 
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Analysis of the kinds of polypeptide chains produced by a 
cell-free protein synthesis system containing skeletal muscle 
components 
The experiments described in the preceding section 
establish that, by using the procedures developed in this 
study, it is possible to constitute a cell-free protein 
synthesis system containing components from mature,mammalian 
skeletal muscle and that this system would incorporate amino 
acids into polypeptides. Because this is the first report 
of a cell-free protein synthesis system being constituted 
from mature, mammalian skeletal muscle components, it was of 
interest to learn something about the nature of the polypep­
tide chains produced by this system. Approximately 52 - 60 
percent, by weight, of the protein in mature, mammalian skeletal 
muscle is made up by the myofibrillar protein fraction. The 
myofibrillar protein fraction itself is composed of a relatively 
small number ( eight or nine) of reasonably well-characterized 
proteins having known subunit molecular weights. Myosin, in 
particular, makes up a large proportion of the myofibrillar 
protein fraction (about 52 - 55 percent of total myofibrillar 
proteins or about 27-33 percent of total skeletal muscle 
protein) and contains a distinctively large subunit polypeptide 
of 210,000 daltons. Because there are only a few other 
polypeptide chains this large, incorporation of radioactive 
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amino acids into a 210,000 dalton polypeptide would be 
primae facie evidence that the cell-free protein synthesis 
system developed in this study was synthesizing myosin. 
Three different experimental approaches were used to 
analyze the nature of polypeptides synthesized by the cell-
free system containing skeletal muscle components. All three 
approaches involved final separation of the polypeptides on 
SDS-polyacrylamide gels followed by measuring radioactivity 
in 1 mm slices of the gels. The first approach used was 
designed to test specifically for myosin synthesis. The amino 
acid incorporation assay was done at either 40 or 150 mM KCl 
and was stopped after 30 min of incorporation at 37°C by 
addition of puromycin followed by RNase (Figure 28). The 
ionic strength of the incubation assay was raised above 0.5 
by addition of NaCl to insure that any myosin polypeptides 
synthesized remained soluble. All material insoluble in 0.5 
M NaCl was removed by centrifugation at 226,000 xgmax 60 
min. Carrier myosin was then added to the supernatant, and 
the carrier myosin plus any newly synthesized myosin was 
precipitated by lowering ionic strength of incubation medium 
to 0.025. The material precipitated at an ionic strength of 
0.025 was dissolved in SDS, and the polypeptides in this 
material were separated by SDS-polyacrylamide gel 
electrophoresis. The results of this first approach showed 
that very little radioactivity was incorporated into 210,000 
Figure 28. Amount of myosin synthesis in a cell-free protein 
synthesis system containing polysomes and cell-sap 
enzymes from bovine longissimus dorsi muscle. 
3 Myosin synthesis was estimated by amount of H-
leucine incorporated into 210,000 dalton polypep­
tides separated by SDS-polyacrylamide gel electro­
phoresis. Incorporation in the cell-free system 
was done as described in Materials and Methods 
except final volume of the assay was 500 jul. KCl 
concentration of the incubation media was 40 mM 
or 150 mM as indicated. After 30 min at 37° C, 
puromycin was added to a final concentration of 
2 mM, and the incubation was continued an addition­
al 10 min at 37°C. The reaction was finally 
stopped by addition of 50 jug RNase and an addition­
al 5 min incubation at 37°C. The mixtures were 
then cooled on ice. NaCl-histidine, pH 6.8, was 
added to give a final NaCl concentration of 0.5 M 
and ribosomes were sedimented at 226,000 xg^ax 
for 60 min in a Beckman Ti 50 rotor. One mg 
carrier myosin was added to the supernatant with 
additional cold distilled water to lower the K+ 
plus Na+ concentration to 25 mM. The myosin was 
allowed to precipitate overnight at 2 - 4°C, and 
was sedimented at 30,000 xg^ax for 20 min. The 
sedimented pellets were dissolved in 0.1 percent 
SDS and subjected to SDS-polyacrylamide gel 
electrophoresis. Numbers above the graph are 
molecular weights of the separated polypeptides as 
determined after staining the gels. One mm 
slices were measured for radioactivity. 
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dalton polypeptides such as myosin (Figure 28). It has been 
reported that synthesis of collagen and some large molecular 
weight polypeptides such as myosin require high KCl concentra­
tions in the incorporation assays, even though such high KCl 
concentrations seem to decrease total polypeptide synthesis 
(Benveniste et al., 1976). Therefore, KCl concentration of the 
amino acid incorporation system used in this study was raised 
to 150 mM, and an attempt: ••^as made to detect myosin synthesis 
in this system. Even with 150 mM KCl in the amino acid 
incorporation system, however, almost no radioactivity was 
incorporated into 210,000 dalton, myosin-like polypeptides, 
although total amount of radioactivity was reduced markedly 
by the higher KCl concentration in the incorporation medium 
(Figure 28). 
The second approach to analysis of the kinds of polypep­
tides produced in the skeletal muscle cell-free protein 
synthesis system developed in this study involved analysis of 
all polypeptides soluble in 150 mM KCl. This approach should 
detect synthesis of the major sarcoplasmic proteins of muscle 
but would not measure synthesis of some of the polypeptides 
such as collagen from the stroma protein fraction. The 
experimental approach used in this second line of study was 
similar to that described in the preceding paragraph for 
attempts to detect myosin synthesis. Amino acid incorporation 
was done in the high KCl concentration of 150 mM, and the 
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reaction was stopped by adding puromycin followed by RNase. 
Then, instead of raising the ionic strength of the incubation 
medium above 0.5 to insure myosin solubility, the reaction 
mixture was simply centrifuged directly at 130,000 xg^ax 
for 90 min to remove all material insoluble in 150 mM KCl. 
The supernatant was salted out at 90 percent ammonium sulfate 
saturation to reduce its volume, and after dialysis to remove 
the ammonium sulfate, the polypeptides precipitated by 90 
percent ammonium sulfate saturation were separated by SDS-
polyacrylamide gel electrophoresis. The results of this 
approach are shown in Figure 29. The large number of different 
sarcoplasmic proteins makes it impossible to ascribe any peak 
of incorporated radioactivity to a single polypeptide, but it 
may be noted that total radioactivity incorporated is higher 
in the polypeptides soluble in 150 mM KCl than it was in the 
"myosin" polypeptides (cf. Figure 28 and 29). 
The third approach to analysis of the kind of polypeptide 
chains produced in the cell-free protein synthesis system 
developed in this study by using skeletal muscle components 
involved analysis of all polypeptides synthesized in the 
system. In this approach, amino acid incorporation was done 
at 40 mM KCl (i.e., the KCl concentrations normally used in 
the amino acid incorporation assays in this study), and the 
reaction was stopped by adding RNase. The total reaction 
mixture was then made 0.1 percent in SDS, and the polypeptides 
Figure 29. Subunit molecular weights of soluble polypeptides 
synthesized in a cell-free protein synthesis 
system containing polysomes and cell-sap enzymes 
from bovine lonqissimus dorsi muscle. 
Soluble polypeptide synthesis was estimated by 
amount of leucine incorporated into polypep­
tides soluble in 150 mM KCl. Incorporation in 
the cell-free system was done as described in 
Materials and Methods except final volume of the 
assay 500 jul. KCl concentration of the incubation 
media was 150 mM. After 30 min at 37° C, puromycin 
was added to a final concentration of 2 mM, and 
the incubation was continued an additional 10 min 
at 37°C. The reaction was finally stopped by 
addition of 50 jUg RNase and an additional 5 min 
incubation at 37 C. The mixtures were then 
cooled on ice. Ribosomes were sedimented at 
130,000 xjitiax for 90 min in a Beckman Ti 50 rotor. 
Solid (NH^J2SO4 was added to 90 percent saturation 
(w/v) at 2 C, and the precipitate was collected by 
centrifugation at 30,000 xgj^ax 15 min. The 
pellets were dissolved in 80 mM KCl, and were 
dialyzed against 1000 volumes of 80 mM KCl for 
24 hr at 4°C. The proteins were dissolved in 
0.1 percent SDS and subjected to SDS-polyacrylamide 
gel electrophoresis. Numbers above the graph are 
molecular weights of the separated polypeptides 
as determined after staining the gels. One mm 
slices were measured for radioactivity. 
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in this reaction mixture were separated by SDS-polyacrylamide 
gel electrophoresis. This approach would permit detection of 
synthesis of polypeptides, such as collagen or elastin, 
belonging to the stroma protein fraction as well as detecting 
all other polypeptides synthesized in the cell-free system. 
Again, the complexity of the system makes it impossible to 
ascribe a peak of radioactivity to synthesis of any specific 
protein (Figure 30). The results, however, show that much more 
radioactivity has been incorporated into polypeptides larger 
than 40,000 daltons in the analysis of all polypeptides 
synthesized (Figure 30) than in the analysis that included 
only those polypeptides soluble in 150 mM KCl (Figure 29) . The 
significance of this result is not clear. Although many 
soluble, sarcoplasmic proteins have subunit molecular weights 
below 40,000, many of them also have subunit molecular weights 
in the range of 40,000 - 80,000. It might be expected that the 
stroma protein fraction would contain a large number of . 
polypeptides having molecular weights above 40,000 (for example, 
the subunit molecular weight of the collagen polypeptide is 
130,000 before processing to 100,000), but it would also be 
expected that the stroma proteins would be the least rapidly 
turning over fraction of proteins in mature, mammalian 
skeletal muscle and that this fraction would therefore be 
synthesized in the smallest amounts. It is possible that the 
results in Figure 30 include synthesis of some membrane proteins. 
Figure 30. Subunit molecular weights of all polypeptides 
synthesized in a cell-free protein synthesis 
system containing polysomes and cell-sap enzymes 
from bovine longissimus dorsi muscle. 
Polypeptide synthesis was estimated by the amount 
of ^H-leucine incorporated into polypeptides 
separated on SDS-polyacrylamide gels. Incorpora­
tion in the cell-free system was done as described 
in Materials and Methods. Twenty-five ^1 samples 
were analyzed from the assay containing 100 j^l. 
The cell-free protein synthesis assay contained 
4 mg cell-sap protein/ml (added in a 25 ]ul volume) , 
2 mg polysomal protein/ml (added in a 25 ^1 
volume), 40 mM KCl, 50 mM Tris-HCl, pH 7.5 at 
24°C, 4 mM MgCl2, 1 mM ATP, 0.2 mM GTP, 20 mM 
creatine phosphate, 20 ^g/ml creatine phosphokinasg, 
6 mM MCE, 0.03 mM of each of 20 amino acids, and 
50 ^^i/ml leucine. After 30 min at 37°C, 4 
25 jul samples were removed, and the reactions were 
stopped by addition of 50 jug RNase/ml and an 
additional 5 min incubation at 37°C. The mixtures 
were then cooled on ice. The 25 ^1 samples were 
dissolved in 0.1 percent SDS and subjected to 
SDS-polyacrylamide gel electrophoresis. Numbers 
above the graph are molecular weights of the 
separated polypeptides as determined after staining 
the gels. One mm slices were measured for 
radioactivity. 
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such as the LETS protein, which would be part of the stroma 
protein fraction but whose turnover may be very rapid. It is 
significant that, regardless of the approach used, very little 
radioactivity was ever found incorporated into 210,000 dalton, 
myosin-like polypeptides (Figures 28, 29, and 30) . Either very 
little myosin is actually being synthesized in mature, 
mammalian skeletal muscle (suggesting that myosin turns over 
very slowly in such muscle), or the relatively severe 
homogenization procedures required to isolate polysomes from 
mature, mammalian skeletal muscle ruptured the very large 
myosin polysomes, which might be especially fragile because 
of their size. 
Effect of collaqenase on cell-free amino acid incorporation 
by polysomes from muscle tissue 
The analysis described in the preceding section of the 
kind of polypeptides synthesized in the cell-free protein 
synthesis system containing skeletal muscle components 
suggested that stroma protein synthesis may be a relatively 
large fraction of the total protein synthesized in mature, 
mammalian skeletal muscle. Therefore, a series of experiments 
were done to attempt to assay more directly the amount of 
collagen synthesis occurring in the cell-free protein synthesis 
system developed in this study because collagen is one of the 
major stroma proteins present in mature, mammalian skeletal 
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muscle. The approach used to estimate amount of collagen 
synthesis occurring in the skeletal muscle protein synthesis 
system was to include collagenase in the incorporation assay. 
Collagenase is extremely specific for hydrolysis of collagen 
and would hydrolyze any collagen polypeptides to small 
peptides soluble in 10 percent TCA. Therefore, any reduction 
in total radioactivity incorporated into TCA-precipitate 
protein in the presence of collagenase would estimate the 
amount of collagen being synthesized. RNase was used to 
hydrolyze aminoacyl-tRNA linkages in these experiments because 
treatment with base has been shown to hydrolyze chains of 
collagen and would therefore eliminate collagen synthesis 
in the control experiments. 
The results show that addition of 2.5 jug collagenase/ml 
to the reaction mixture reduces total amino acid incorporation 
into TCA-precipitable protein by 15.0 percent (Table 27). 
Larger amounts of collagenase up to 100 /ig/ml cause no 
additional decrease in amount of amino acid incorporation into 
TCA-precipitable protein (Table 27). Consequently, about 
15 percent of the total amino acid incorporation into TCA-
precipitable protein in the cell-free protein synthesis system 
developed in this study is due to incorporation into collagen. 
Because the leucine content of collagen is neither unusually 
high nor unusually low, the percentage of amino acid incorpora­
tion is probably a reasonably accurate indicator of percentage 
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Table 27. Effect of collagenase from Clostridium histolyticum 
on rate of amino acid incorporation into TCA-
precipitable protein in a cell-free protein 
synthesis system containing polysomes and cell-sap 
enzymes from bovine longissimus dorsi muscle^ 
Collagenase 
Concentration 
in Assay 
{f ig/ml)  
C-leucine 
Incorporated , 
mg Protein/60 Min 
Collagen 
Synthesis 
Total Protein 
Synthesis 
0.00 340+ 4.5C 00.0% 
0.10 305±20.ld 10.3 
2.50 295± 6.0® 13.3 
10.00 289± 1.9a 15.0 
100.00 289±ll.ld 14.9 
^The cell-free protein synthesis system contained 4.0 mg 
cell-sap enzyme protein/ml, 10 ng polysomal protein/ml, 40 mM 
KCl, 50 mM Tris-HCl, pH 7.5 at 24°C, 4 mM MgCl2, 1 mM ATP, 
0.2 mM GTP, 20 mM creatine phosphate, 20 jug/ml creatine 
phosphokinase, 6 mM MCE, 0.03 mM of each of 20 amino acids, 
2 pCi/ml (u)-leucine, and collagenase as indicated in a 
final volume of 100 ^1. Incubation was at 37°C for 60 min. 
^pmoles L-leucine-^^C(U) incorporated/mg polysomal 
protein/60 min. 
^Figures are means plus or minus standard errors of 7 
determinations done on 2 different preparations. 
^Figures are means plus or minus standard errors of 4 
determinations done on 1 preparation. 
^Figures are means plus or minus standard errors of 8 
determinations done on 2 different preparations. 
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of collagen synthesis in the skeletal muscle protein synthesis 
system developed in this study. lonasescu et al., (1971a, b) 
have previously estimated the amount of collagen synthesis in 
normal human muscle to be 20 percent of total protein 
synthesis; this increased to a remarkable 77 - 82 percent of 
total protein synthesized in a cell-free system containing 
components from muscle tissue afflicted with arthrogryposis 
multiplex congenita (lonasescu et al., 1971a, b) . Normal, mature^ 
mammalian skeletal muscle contains approximately one-fourth 
as much collagen as it does contractile protein (Wilkie, 1968), 
although as indicated previously, it would be expected that 
the collagen in muscle would turn over much more slowly than 
the contractile proteins. Lazarides and Lukens (1971) have 
estimated that 11 - 14 percent of total protein synthesis 
in chick embryo muscle is collagen synthesis, and Collins 
and Crystal (19 75) have found that 6-14 percent of total 
protein synthesis in lung tissue is collagen synthesis, 
depending on the age of the donor. Consequently, the 15 
percent of total protein synthesis ascribed to collagen 
synthesis in the present study is approximately the same as 
the proportion of collagen synthesis found by other 
investigators in muscle as well as in other tissues. 
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Effect of frozen storage on activity of polysomes and cell-sap 
enzymes 
It would be desirable for a variety of reasons to be 
able to freeze samples and keep them for some period of time 
before assaying for ability of the polysomes or cell-sap 
enzymes to support protein synthesis in a cell-free system. 
The amino acid incorporation assays are time consuming and 
require reasonably well-equipped laboratory facilities. The 
ability to freeze or otherwise somehow maintain full biological 
activity of polysomes and cell-sap enzymes would permit 
collection of a large number of samples as they become 
available from certain kinds of experiments and then doing 
the time-consuming assays of these samples later over a period 
of months. Similarly, this same ability would permit 
collection of samples in remote areas where laboratory 
facilities are not available. The studies described earlier 
in subsections of these Results showed that it was impossible 
to preserve the biological activity of either polysomes or 
cell-sap enzymes by freezing intact muscle tissue before 
mincing and homogenization. It seemed, however, that it 
might be possible to freeze purified polysomal preparations 
and chromatographed or dialyzed cell-sap enzyme fractions 
and thereby preserve the biological activities of these 
fractions. Although freezing purified polysomal preparations 
or cell-sap enzyme fractions would not permit the same 
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convenience and flexibility that would have resulted if 
intact, whole muscle could have been frozen without impairing 
biological activity of these fractions, this ability would 
nevertheless remove the necessity of having to assay 
biological activity of these preparations on the same or 
within one or two days following their preparation. Because 
about one full day was required to prepare purified polysomes 
and either chromatogrammed or dialyzed cell-sap enzyme frac­
tions, ability to preserve biological activity of these 
fractions would at least make it possible to collect samples 
on successive days. Therefore, a series of experiments were 
done to determine the effect of freezing under several 
different conditions and of time of frozen storage on 
activity of purified polysomal or chormatogrammed or dialyzed 
cell-sap enzyme preparations. 
The results of these experiments show that polysomal 
pellets obtained after centrifugation through a 2.0M sucrose 
layer (step VI, Figure 2) can be frozen in an acetone/dry ice 
mixture at -70°C and then stored at -29°C for up to 16 months 
with little or no loss in their ability to support,amino 
acid incorporation into TCA-precipitable protein in cell-free 
protein synthesis systems (Table 28). Stirewalt and co­
workers (Stirewalt et al., 1971) had previously shown that 
storage of polysomal pellets at -20°C for up to 4 months 
caused no loss in their biological activity. Suspensions of 
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Table 28. Effect of freezing and storage at -29°C on ability 
of polysomes and cell-sap enzymes from bovine 
lonqissimus dorsi muscle to incorporate amino acids 
into TCA-precipitable protein 
l^C-leucine 
Time of Incorporated 
Storage at mg Polysomal , 
Sample^ -29° C Protein/60 Min 
Nonf rozen control polysomes 
Polysome pellet 
Polysome pellet 
Polysome pellet 
Polysome pellet 
5 mg polysomal protein/ml® 
5 mg polysomal protein/ml® 
5 mg polysomal protein/ml® 
1 mg polysomal protein/ml® 
0.1 mg polysomal 
protein/ml® 
_ _  340i 7° 
3 hr 341+ gd 
1 wk 340± gd 
4 mo 328+ 5d 
16 mo 304+ 6^ 
3 hr 330+33^ 
1 wk 197± 5^ 
3 mo 187+ 4d 
3 hr 262±109 
3 hr 71+ 3^ 
^Polysomes were frozen in acetone/dry ice at -70° C and 
were stored as indicated. Cell-sap enzymes were frozen at 
-29° C and were stored as indicated. 
^Measured as pmoles L-leucine-^^C(U) incorporated/mg 
polysomal protein/60 min for polysomal samples and as pmoles 
L-leucine-^^C(U) incorporated/mg polysomal protein/5 min for 
cell-sap enzymes. 
"^Figures are means plus or minus standard errors of 15 
determinations done on 5 different preparations. 
"^Figures are means plus or minus standard errors of 4 
determinations done on 1 preparation. 
^Polysome pellet was suspended in KTM buffer (Table 2) 
at the indicated concentration and this suspension was frozen 
at -70 C as in footnote "a". 
^Figures are means plus or minus standard errors of 3 
determinations done on 1 preparation. 
^Figures are means plus or minus standard errors of 2 
determinations done on 1 preparation. 
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Table 28 (Continued) 
l^C-leucine 
Time of Incorporated 
Storage at mg Polysomal , 
Sample^ -29° C Protein/60 Min 
Nonfrozen, control, 50+ 2^ 
chromatogrammed cell-sap 
enzymes 
Nonfrozen, control. - •  — 50+ 2^ 
dialyzed cell-sap enzymes 
Chromatogrammed cell-sap 3 wk 37+ 3^ 
enzymes 
48+ Chromatogrammed cell-sap 3 wk 4d 
enzymes + 20 percent 
(v/v) glycerol J 
Dialyzed cell-sap 3 wk 5ii 1*^ 
enzymes 
331 
J 
Chromatogrammed cell-sap 3 mo 2° 
enzymes 
47+ Chromatogrammed cell-sap 3 mo 1^ 
enzymes +20 percent 
(v/v) glycerol H 
Dialyzed cell-sap enzymes 3 mo 50+ 1° 
^Figures are means plus or minus standard errors of 9 
determinations done on 3 different preparations. 
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purified polysomes, however, could not be frozen and stored 
longer than 3 hr without severe loss in their ability to 
incorporate amino acids into TCA-precipitable protein, regard­
less of the protein concentration of the suspension (Table 
28). Biological activity of purified polysomal suspensions 
was also lost if they were adjusted to a glycerol concentra­
tion of 10 percent before being frozen at -70°C. It might be 
possible to preserve biological activity in frozen suspensions 
of purified polysomes beyond 3 hr if storage was done at much 
colder temperatures than -29°C. Because freezing of poly­
somal pellets was actually more convenient in the present 
study than having to convert the pellet to a suspension before 
freezing and because no frozen storage facilities colder than 
-29°C were immediately available during the course of the 
present study, no effort was made to determine the effect of 
storing frozen polysomal suspensions at temperatures much 
colder than -29° C. Freezing purified polysomal pellets at 
-70°C and storing the frozen pellets at -29°C was practiced 
whenever needed during the course of this study. It was 
found important, when freezing purified polysomal pellets 
and storing them at -29°C, to keep the surface of the pellet 
covered with buffer to prevent dehydration during frozen 
storage. 
Dialyzed cell-sap enzymes could be frozen at -29°C and 
stored up the 3 months (longer periods of frozen storage were 
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not tested) with no loss of biological activity (Table 28). 
It was necessary, however, to add glycerol to a final 
concentration of 20 percent to chromatogrammed cell-sap 
enzymes to prevent loss of biological activity during freezing 
and frozen storage (Table 28). When glycerol was added to 
chromatogrammed cell-sap enzymes, this fraction could also 
be frozen at -29°C and stored at -29°C for at least 3 months 
with no loss of biological activity (Table 28). Because 
dialyzed cell-sap enzymes had been prepared by dialysis 
against a 50 percent glycerol buffer (see Materials and 
Methods), it seems likely that some glycerol is needed for 
preservation of the biological activity of cell-sap enzymes 
during freezing and frozen storage, and that there is no 
difference between chromatogrammed and dialyzed cell-sap 
enzymes in their response to freezing and frozen storage. 
It was unclear why freezing and frozen storage of 
polysomal suspensions should lead to loss of biological 
activity of these suspensions. To test whether loss of 
biological activity of frozen purified polysomal suspensions 
might be due to RNase activity, a series of experiments were 
done to determine the effect of storage at 0° C and of freezing 
at -70° C and storage at -29° C on the sucrose density gradient 
profiles of purified polysomal preparations. If RNase is 
responsible for the loss of activity in frozen suspensions 
of polysomes, the sucrose density gradient profiles of these 
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frozen polysomal preparations should contain less rapidly 
sedimenting, heavy polysomal material and more slowly sediment-
ing, 80S monosomes than sucrose density gradient profiles 
of control polysomes. Storage of purified polysomal prepara­
tions at 0° C for 20 hr clearly results in loss of rapidly 
sedimenting, heavy polysomes and an increase in the size of 
the 80S mo no some peak (cf. Figure 31 with sucrose density 
gradient profiles shown in Figures 5, 6, 13, 14, and 15). 
This result suggests that even purified polysomal preparations 
made in this study might contain small amounts of RNase 
contamination. Hence, it is essential that amino acid 
incorporation assays using these polysomes be done within one 
day of their preparation if the preparations are stored as 
suspensions at 0°C. 
The sucrose density gradient profile of polysomes that 
have been frozen as a suspension at -70°C and then stored 
for two weeks at -29°C is shown in Figure 32. Freezing at 
-70°C while the polysomes are in suspension followed by frozen 
storage also results in loss of rapidly sedimenting, heavy 
polysomes, and an increase in size of the 80S monosome peak 
(Figure 32). Freezing while the polysomes are in suspension 
followed by two weeks of frozen storage, however, also causes 
other changes in the sucrose density gradient profile of 
polysomes (Figure 32) . A peak that sediments more slowly 
than the 80S mono some peak appears in the sucrose density 
Figure 31. Density-gradient centrifugation on a 15 - 40 
percent linear sucrose gradient of purified poly­
somes prepared from bovine longissimus dorsi 
muscle and stored as a 3.7 mg polysomal protein/ml 
suspension at 0° C for 20 hr. 
Fifty fjl of purified polysomes (step VI, Figure 
2) that contained 5 OD260 units and that had been 
stored in ice at 0°C for 20 hr were loaded onto 
12 ml of a 15 - 40 percent continuous sucrose 
gradient containing 60 mM KCl, 50 mM Tris-HCl, 
pH 7.5 at 24°C, 4 mM MgCl2, and were centrifuged 
at 180,000 x^max for 1.5 hr. Direction of 
sedimentation is from right to left. A260/A280 
and A260/A235 ratios of the polysomes were 1.76 
and 1.45, respectively. 
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Figure 32. Density-gradient centrifugation on a 15 - 40 
percent linear sucrose gradient of purified 
bovine muscle polysomes that had been frozen as 
a 1.6 mg polysomal protein/ml suspension and 
stored at -29° C for 2 weeks. 
One-hundred f jX  of thawed, purified polysomes 
(step VI, Figure 2), containing 4 OD26O units, 
were loaded onto 12 ml of a 15 - 40 percent 
continuous sucrose gradient containing 60 mM 
KCl, 50 mM Tris-HCl, pH 7.5 at 24°C, 4 mM MgCl2, 
and were centrifuge# at 180,000 xgmax 1.5 
hr. Direction of sedimentation is from right 
to left. Longissimus dorsi muscle from a double-
muscled bovine animal fed a high-energy ration 
was the source of the polysomes. The polysomal 
suspension was frozen in an acetone-dry ice 
mixture at -70°C, and was thawed at 4 - 8°C for 
1 hr after 2 weeks storage at -29°C. A260/A280 
and A260/A235 ratios of the polysomes were 1.78 
and 1.50, respectively. 
268 
0 . 4  
E 
C 
o 
VO 
CVJ 
o 
z 
«C 
00 
q: 
o 
oo 
00 
c 
0 . 3  
0 . 2  
0 . 1  
0.0 y}- y/-
4 0  1 5  
SUCROSE CONCENTRATION [%(W/V)] 
269 
gradient profile (Figure 32). The nature of the material in 
this peak is unknown, but the most plausible explanation is 
that this peak contains 40S and 60S ribosomal subunits. 
If so, then freezing of polysomal suspensions must cause 
degradation of 80S ribosomes into their subunits. Such an 
occurrence obviously would account for the loss of biological 
activity of these polysomes (see Table 28). 
On the other hand, if polysomes were frozen while they 
were in the form of a pellet, these frozen polysomes could be 
stored at -29° C for as long as 16 months with only slight 
deterioration of the sucrose density gradient profile (Figure 
33). Some loss of heavy, rapidly sedimenting polysomes 
occurs after 16 months of storage at -29°C, and some increase 
is observed in the size of the 80S monosome peak, even if 
the polysomes are frozen while in the form of pellets (cf. 
Figure 33 with sucrose density gradient profiles shown in 
Figures 5, 6, 13, 14, and 15). Also, a small peak sedimenting 
more slowly than the 80S monosome peak and possibly indicating 
a small amount of breakdown into 40S and 60S ribosomal sub-
units can be observed in sucrose density gradient profiles 
of polysomes frozen while in a pellet and then stored at -29°C 
for 16 months (Figure 33). These changes, however, are small, 
and as shown by the results in Table 28, have little effect 
upon biological activity of these polysomes. Consequently, 
the procedure adopted in this study whenever it was necessary 
Figure 33. Density-gradient centrifugation on a 15 - 40 
percent linear sucrose gradient of purified 
bovine muscle polysomes that had been frozen 
as a polysomal pellet and stored at -29°C for 
16 months. 
Fifty ^1 of thawed, purified polysomes (step VI, 
Figure 2) containing 5 OD26O units were loaded 
onto 12 ml of a 15 - 40 percent continuous 
sucrose gradient containing 60 mM KCl, 50 mJl 
Tris-HCl, pH 7.5 at 24° C, 4 mM MgCl2, and were 
centrifuged at 180,000 x^max for 1.5 hr. 
Direction of sedimentation is from right to left. 
Bovine longissimus dorsi muscle was the source 
of the purified polysomes. The polysomal pellet 
was frozen in an acetone-dry ice mixture at -70° C 
and was stored at -29°C for 16 months. The 
pellet was thawed at 4 - 8° C for 20 min and was 
then suspended in KTM buffer. A260/A280 and 
A260/A235 ratios of the polysomes were 1.86 and 
1.61, respectively. 
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to Store purified polysomes for more than 24 hr beyond the day 
of their preparation was to freeze these polysomes at -70°C 
while they were in the form of a pellet, and then to store 
this pellet covered with buffer at -29°C. 
Assay of Ability of Polysomes and Cell-Sap Enzymes 
Isolated from Different Types of Bovine Animals 
to Support Cell-Free Amino Acid 
Incorporation into Protein 
The preceding two sections have described in detail the 
development of procedures to prepare purified, biologically-
active polysomes and cell-sap enzymes from mature, mammalian 
skeletal muscle. Assay of these polysomes and cell-sap 
enzymes in cell-free protein synthesis systems demonstrated 
that they would support incorporation of amino acids into TCA-
precipitable protein and that this amino acid incorporation 
had many of the characteristics that have been observed for 
other cell-free protein synthesis systems. The cell-free 
amino acid incorporation supported by skeletal muscle 
components was inhibited by RNase and by those agents that 
inhibit protein synthesis in other cell-free systems containing 
eukaryotic components. Amino acid incorporation was 
accompanied bv run-off of the ribosome from the mRNA strand. 
Careful analysis of the amino acid incorporation system 
defined those conditions under which the polysomal fraction 
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was rate-limiting and which could therefore be used to assay 
activity of the polysomal fraction, and those conditions under 
which the cell-sap enzyme fraction was rate-limiting and 
which could therefore be used to assay activity of the cell-
sap enzyme fraction. As indicated in the Introduction to this 
thesis, the reason for putting this effort into developing a 
cell-free system made of components from mature, mammalian 
skeletal muscle and able to incorporate amino acids into 
protein was to be able to determine those factors that limit 
rate of protein synthesis in mature, mammalian skeletal muscle 
under different physiological conditions. Two such studies 
of factors regulating rate of protein synthesis in mature, 
mammalian skeletal muscle are described in this third section 
of the Results. Two different groups of bovine animals were 
studied. One study compared protein synthesis in muscle 
from normal and "double-muscled" bovine animals and the 
second study compared protein synthesis in bovine animals 
differing in age. The results in this section, therefore, 
are described under two subheadings: (1) Normal and "double-
muscled" bovine animals; and (2) Bovine animals differing 
in age. 
Normal and "double-muscled" bovine animals 
The unique characteristics of "double-muscled" bovine 
animals have been described in the Literature Review. 
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The unusual ability of these "double-muscled" animals to 
convert ingested nutrients into muscle rather than into fat 
or other nonmuscle tissue suggests that they either lack 
some control that limits rate of muscle protein synthesis in 
ordinary bovine animals or they have greatly enhanced activity 
of enzymes that catalyze rate of muscle protein synthesis. 
Hence, a comparison of activities of protein synthetic 
components from normal and "double-muscled" animals may 
provide some clues about the nature of the factors that 
ordinarily limit rate of muscle protein synthesis in domestic 
bovine animals. 
Comparison of protein synthesis in muscle from normal 
and "double-muscled" animals began with a comparison of the 
muscle RNA concentrations in these two groups of animals 
because higher muscle RNA content has been reported to be 
related to a higher rate of muscle protein synthesis (Howarth, 
1972; Millward et al., 1975; Omstedt et al., 1973; Srivastava 
and Chaudhary, 1969; Tsai et al., 1973; Wannemacher, 1972). 
The animals used in this study had also been divided into 
groups that had been fed differently. One group had received 
a high energy ration designed to produce a maximum rate of 
growth of muscle and other tissue. The other group had 
received a low-energy ration designed simply to provide 
enough nutrients to maintain the animal with no weight loss 
and only a small amount of growth. Muscle RNA analysis showed 
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that muscle from animals fed a high-energy ration had 
significantly higher muscle RNA concentrations than muscle 
from animals fed low-energy rations, regardless of whether 
they were normal or "double-muscled" animals (Table 29). 
Muscle RNA content, however, did not differ significantly 
between normal and "double-muscled" animals (Table 29). 
Indeed, the mean muscle RNA content of "double-muscled" 
animals was slightly less than that of normal animals, but 
the small number of animals that it was possible to study 
prevented this difference from being judged statistically 
significant. Although it might be expected that "double-
muscled" animals should have higher muscle RNA concentrations 
than normal animals, Ashmore and Robinson (1969) have 
previously reported that "double-muscled" bovine animals 
have significantly lower muscle RNA contents than normal 
bovine animals do. The surprisingly low muscle RNA concentra­
tion of "double-muscled" animals might be due to the high 
percentage of fast-twitch, glycolytic fibers in muscle of these 
animals (Hendricks, etal., 1973). Fast-twitch, glycolytic fibers 
are known to have lower RNA concentrations than fast-twitch, 
oxidative-glycolytic or slow-twitch, oxidative fibers. 
Sucrose density-gradient profiles of purified polysomes 
prepared from muscle of the four groups of animals in this 
study were similar (Figure 34). All density-gradient profiles 
showed a very large proportion of heavy, rapidly sedimenting 
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Table 29. RNA concentration in longissimus dorsi muscle of 
normal and double-muscled bovine animais on high-
and low-energy rations 
Type of 
Animal 
Ration 
High Energy Low Energy Average 
Normal 
Double muscled 
Average 
0.762+0.016^ 
0.726±0.011 
0.744±0.014 
0.635+0.012 
0.591+0.010 
0.613±0.011 
0.699±0.014 
0.659+0.011 
^Numbers are mg RNA/g fresh muscle and are means plus or 
minus the standard error of 10 determinations done on 2 animals. 
Least squares analysis shows that muscle RNA concentrations of 
animals on different rations differ significantly at P 0.25 but 
muscle RNA concentrations of normal and double-muscled animals 
do not differ significantly. 
Figure 34. Density-gradient centrifugation on 15 - 40 
percent linear sucrose gradients of purified 
polysomes from longissimus dorsi muscle of normal 
and double-muscled bovine animals fed high- and 
low-energy rations. 
Fifty to 100 jul of thawed, purified polysomes 
were loaded onto 12 ml of 15 - 40 percent 
continuous sucrose gradients containing 60 mM 
CKl, 50 mM Tris-HCl, pH 7.5 at 24° C, and 4 mM 
MgCl2, and centrifuged at 180,000 xgmax 1.5 
hr. Direction of sedimentation is from right to 
left. Purified polysomal pellets (step VI, 
Figure 2) were frozen at -70° C and maintained at 
-29°C for 2-4 weeks. The pellets were thawed 
at 4 - 8°C for 20 min and were then resuspended 
in KTM buffer. A260/A280 and A260/A235 ratios 
of the polysomes were: 1.80 and 1.53 (a); 
1.79 and 1.50 (b); 1.81 and 1.55 (c); and 1.80 
and 1.49 (d), respectively. Three and one-third 
OD260 units were loaded onto the gradients for 
double-muscled, high (a) and low (b) energy and 
for the normal, low energy (d) animals. Three 
and six-tenth OD26O units were layered onto the 
gradient for the normal, high-energy animal. 
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polysomes compared with the 80S monosome peak (cf., Figure 
3 4  w i t h  s u c r o s e  d e n s i t y  g r a d i e n t  p r o f i l e s  i n  F i g u r e s  5 ,  6 ,  
13, 14, 15, 31, 32, and 33). That the polysomes shown in 
Figure 34 had all been frozen at -70°C while in the form of 
a sedimented pellet (see subsection in this chapter) and then 
stored at -29° C for two weeks demonstrates that freezing 
purified polysomal preparations under these conditions has no 
deleterious effects on their sucrose density gradient profiles. 
The increased 80S monosome peak in polysomes from the normal, 
low-energy group of animals may reflect an actual higher 
proportion of 80S monosomes in muscle from this group of 
animals than in muscle of the other three groups of animals 
or it may be simply due to animal variation. The small number 
of animals that it was possible to study prevents any decision 
between tliese two possible alternatives. 
The time-course of incorporation of radioactive leucine 
into TCA-precipitable protein in cell-free protein synthesis 
systems containing polysome and cell-sap enzymes from the 
four groups of animals in this study are shown in Figure 35. 
Cell-sap enzyme to polysomal protein ratios of 2.5 (i.e. cell-
sap enzymes were rate-limiting) were used for the studies 
shown in Figure 35. Under these conditions, rate of amino 
acid incorporation was linear with time in these cell-free 
systems for at least 5 min (Figure 35). Systems containing 
polysomes and cell-sap enzymes from the "double-muscled", 
Figure 35. Time course of C-leucine incorporation into 
TCA-precipitable protein in a cell-free protein 
synthesis system containing polysomes and cell-
sap enzymes from longissimus dorsi muscle of 
normal and double-muscled animals fed high-
and low-energy rations. 
Cell-sap enzymes and polysomes were each added 
in a 25 ul volume to give a cell-sap protein to 
polysomal protein ratio of 2.5. Cell-sap 
enzymes and polysomes were frozen at -70° C and 
maintained at -29° C for 4 weeks before assay. 
All iji vitro protein synthesis assays contained 
2 mg cell-sap protein/ml, 0.8 mg polysomal 
protein/ml, 40 mM KCl, 50 mM Tris-HCl, pH 7.5 
at 24°C, 4 mM MgCl2, 1 mM ATP, 0.2 mM GTP, 20 mM 
creatine phosphate, 20 (ig/ml creatine phospho-
kinase, 6 mM MCE, 0.03 mM of each of 20 amino 
acids, and 2 ^ Ci/ml ^^ C(U)-leucine in 100 jul 
final volume. Incubation was at 37°C. Four 
determinations were done on one animal of each 
group. 
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high-energy group of animals exhibited the greatest rate of 
amino acid incorporation, and systems containing polysomes 
and cell-sap enzymes from the normal, low-energy group of 
animals had the lowest rate of amino acid incorporation 
(Figure 35). Although both "double-muscling" and high-energy 
rations were associated with a rapid rate of amino acid 
incorporation in the cell-free system developed in this study, 
"double-muscling" seemed to have a greater effect than a 
high-energy ration because systems containing polysomes and 
cell-sap enzymes from the "double-muscled", low-energy group 
of animals had a slightly greater rate of amino acid incorpora­
tion than cell-free systems containing polysomes and cell-
sap enzymes from the normal, high-energy animals did (Figure 
35). As shown in Figure 24, polysomes saturated the amino 
acid incorporation systems constituted from components from 
"double-muscled" animals at cell-sap enzyme to polysomal 
protein ratios of 2.5 to 1, just as polysomes from normal 
bovine or porcine muscle did. Similarly, cell-sap enzymes 
saturated the amino acid incorporation systems constituted 
from components from "double-muscled" animals at cell-sap 
enzyme to polysomal protein ratios of 400 to 1, just as cell-
sap enzymes from normal animals did (Figure 25). Consequently, 
the same conditions developed in the preceding section for 
assay of cell-free protein synthesis systems composed of 
skeletal muscle components could also be used to assay 
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cell-free protein synthesis systems composed of components 
from "double-muscled" bovine skeletal muscle. 
A summary of the specific activities of cell-free 
protein synthesis systems constituted from different combina­
tions of cell-sap enzymes and purified polysomes from the 
four different groups of animals included in this study is 
shown in Table 30. When both cell-sap enzymes and polysomes 
originate from the same group, the rate of amino acid 
incorporation is "double-muscled", high-energy; "double-
muscled", low-energy; normal, high-energy; and normal, low-
energy in order from most to least rapid, regardless of 
whether cell-sap enzymes or polysomes are rate-limiting 
(results shown in diagonals from upper left to lower right in 
Table 30). This is the same result shown in Figure 35 for 
the situation where cell-sap enzymes were rate-limiting. 
Hybrid experiments using cell-sap enzymes from one group of 
animals and polysomes from a different group of animals 
indicated that the source of cell-sap enzymes had a greater 
effect on rate of amino acid incorporation into TCA-
precipitable protein in the cell-free protein synthesis 
systems used in this study than source of polysomes did 
(Table 30), although the limited amount of cell-sap enzyme 
fraction and polysomal protein available prevented assays 
of every possible combination. When cell-sap enzymes were 
rate-limiting, changing the source of the cell-sap enzyme 
Table 30. Activity in cell-free protein synthesis systems 
of polysomes and cell-sap enzymes from 
lonqissimus dorsi muscle of normal and double-
muscled bovine animals fed high- and low-energy 
rations 
Source of Double-Muscled, 
Polysomes High Energy 
With cell-sap enzymes rate-limiting^ 
Double-muscled, high energy 
Double-muscled, low energy 
Normal, high energy 
Normal, low energy 
With polysomes rate-limiting^ 
Double-muscled, high energy 
Double-muscled, low energy 
Normal, high energy 
Normal, low energy 
140.111.4" 
133.3+0.8 
431.3+9.2^ 
^Amino acid incorporation done with cell-sap enzymes 
rate-limiting in the assay; conditions were: 0.75 mg 
polysomal protein/ml, 1.81 mg cell-sap enzyme protein/ml, 
40 mM CKl, 50 mM Tris HCl, pH 7.5 at 24° C,4 mM .MgCl2, 1 mM 
ATP, 0.2 mM GTP, 20 mM creatine phosphate, 20 ftg creatine 
phosphokinase/ml, 6 mM 2-mercaptoethanol, 0.03 mM of each of 
20 amino acids, and 2 C^i L-(U-^ C^)-leucine/ml, in 100 jyl 
final volume. Incubation was at 37°C for 5 min. 
^Means plus or minus standard errors of 6 
determinations done on 2 animals expressed as pmoles L-(U- C)-
leucine incorporated/mg polysomal protein/5 min. 
^Amino acid incorporation done with polysomes rate- . 
limiting; conditions were: 10 /ng polysomal protein/ml, 4.0 mg 
cell-sap enzyme protein/ml, in 100 f^l final volume. 
Incubation was at 37° C for 60 min. 
^Means plus or minus standard errors of 6 ^4 
determinations done on 2 animals expressed as pmoles L-(U- C)-
leucine incorporated/mg polysomal protein/60 min. 
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Source of Cell-Sap Enzymes 
Double-Muscled, Normal, Normal, 
Low Energy High Energy Low Energy 
85.7+6.0 
79.3±0.9 
401.8±7.5 
349.0+4.8 
80.9±6.3 
74.0+1.7 
272.4+8.5 
54.8±1.4 
44.4+1.0 
340.7+3.0 
267.2+2.9 
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fraction from normal, high-energy to "double-muscled", high-
energy animals increased rate of amino acid incorporation 
73 to 80 percent (Table 30). A similar increase of 56 to 
79 percent in rate of amino acid incorporation in the cell-
free protein synthesis systems used in the present study 
occurred when source of cell-sap enzymes was changed from 
normal, low-energy to "double-muscled", low-energy animals. 
The absence of certain hybrid experiments makes it impossible 
to compare directly the effect of "double-muscling" and 
energy level in the ration on rate of amino acid incorporation 
in cell-free protein synthesis systems. If it is assumed, 
however, that source of polysomes has very little effect on 
rate of amino acid incorporation when cell-sap enzymes are 
rate-limiting (and the data in Table 30 supports this 
assumption), then "double-muscling" seems to have a slightly 
greater effect on ability of cell-sap enzymes to catalyze 
amino acid incorporation in cell-free protein synthesis systems 
than energy level of the ration (an average increase of 72 
percent when cell-sap enzymes from "double-muscled" animals 
are substituted for cell-sap enzymes from normal animals 
and an average increase of 62 percent when cell-sap enzymes 
from high-energy animals are substituted for cell-sap enzymes 
from low-energy animals). This difference is very small, 
however, and a large part of it could originate from 
experimental error. 
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Hybrid experiments using cell-sap enzymes from one group 
of animals and polysomes from a different group of animals 
are more difficult to interpret when polysomes are rate-
limiting because source of cell-sap enzymes seems to have 
as large an effect on rate of amino acid incorporation as the 
source of polysomes (Table 30). This suggests that cell-sap 
enzyme fractions from the high-energy or "double-muscled" 
groups of animals contain enzymes that differ qualitatively 
from the corresponding enzymes in cell-sap enzyme fractions 
from the low-energy or normal groups of animals and that the 
differences between cell-sap enzyme fractions from these 
groups of animals is not simply due to a quantitative 
difference in the amount of active enzyme present. Regardless 
of the origin of the effect of cell-sap enzymes in the assays 
when polysomes are rate-limiting, it is clear in the two 
instances where direct comparisons are possible (double-
muscled", low-energy with two different sources of cell-sap 
enzymes. Table 30) that source of polysomes has much less 
effect on rate of amino acid incorporation in cell-free 
protein synthesis systems composed of muscle components 
than source of cell-sap enzymes does (Table 30). Rate of 
amino acid incorporation increases by 15 to 28 percent when 
polysomes from "double-muscled", low-energy rations are 
substituted for polysomes from normal, low-energy animals 
(Table 30). That such a difference occurs indicates that 
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ribosomes on polysomes from "double-muscled" animals are 
innately able to catalyze incorporation of amino acids into 
protein in a cell-free protein synthesis system faster than 
ribosomes from normal animals. The nature of this difference 
in activity is not known. Because only two of the twelve 
possible hybrid experiments were done under conditions where 
polysomes were rate-limiting, it is difficult to determine 
whether "double-muscling" or energy level of the ration has 
the greatest effect on rate of amino acid incorporation in 
cell-free protein synthesis systems under these conditions. 
If specific activities of the experiments using polysomes and 
cell-sap enzymes from the same source (i.e., the activities 
on the diagonal from the upper left to the lower right) are 
compared, it seems that "double-muscling" has a much greater 
effect on ability of polysomes to incorporate amino acids into 
TCA-precipitable protein in cell-free protein synthesis 
systems than energy level of the ration has. Specific 
activity decreases from 431.9 and 401.8 pmoles L-leucine 
14c(U) incorporated/mg of polysomal protein/60 min for 
"double-muscled" bovine animals on high- and low-energy 
rations, respectively, to 272.4 and 267.2 pmoles L-leucine 
14c(U) incorporated/mg polysomal protein/60 min for normal 
bovine animals on high- and low-energy rations, respectively 
(Table 30). The difficulty is in knowing how much of this 
change is due to the cell-sap enzymes. It is clear from the 
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results in Table 30, however, that the "double-muscling" 
characteristic results in animals whose muscle cells contain 
cell-sap enzymes and polysomes that are more active than 
those in muscle cells from normal animals, even when muscle 
growth in the "double-muscled" animals is restricted by 
feeding a low-energy ration. 
Bovine animals differing in age 
The second study done in this thesis to compare cell-
free protein synthesis abilities of cell-sap enzyme fractions 
and purified polysomes isolated from skeletal muscle of 
animals differing physiologically in some way involved bovine 
animals differing in age. Three age groups were chosen. 
The youngest age group was the calf group and consisted of 
two animals less than three months of age. The second age 
group was called the steer age group and consisted of two 
animals, 18 to 24 months of age. The third age group was the 
cow age group and was composed of two cows greater than six 
years in age. Because musculature in the young animals should 
be growing rapidly, it might be expected that cell-sap 
enzymes and polysomes from muscle of animals in this age 
group would be more active in incorporating amino acids into 
protein in a cell-free protein synthesis system than cell-sap 
enzymes and polysomes from muscle of animals in the other two 
age groups. Conversely, cell-sap enzymes and polysomes from 
muscle of animals in the cow age group, where net muscle 
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growth is nearly zero, should have the least ability to 
catalyze incorporation of amino acids into protein in cell-
free protein synthesis systems. 
Sucrose density-gradient profiles of purified polysomes 
from the three age groups were almost identical (Figure 36). 
Purified polysomes from all three age groups had a high 
proportion of heavy, rapidly sedimenting material compared 
with the amount of 80S monosomes (cf. Figure 36 with sucrose 
density gradient profiles in Figures 5, 6, 13, 14, 15, 31, 32, 
and 33). 
A summary of the abilities of cell-sap enzymes and poly­
somes from muscle of animals in the three different age groups 
to support amino acid incorporation into proteins in cell-
free systems is shown in Table 31. When cell-sap enzymes were 
rate-limiting, cell-sap enzymes from calf muscle were signifi­
cantly more active than cell-sap enzymes from muscle of either 
the 18 to 24 month or mature animal groups in catalyzing 
incorporation of amino acids into protein in cell-free protein 
synthesis systems (Table 31). Cell-sap enzymes from muscle 
of the 18 to 24 month and mature animal groups were similar 
in their ability to incorporate amino acids into protein 
in cell-free protein synthesis systems (Table 31). Source of 
the polysomes used in the cell-free protein synthetic systems 
did not influence the relative differences among the three 
Figure 36. Density-gradient centrifugation on 15 - 40 
percent linear sucrose gradients of purified 
polysomes prepared from longissimus dorsi 
muscle of bovine animals differing in age. 
Fifty to 100 fiL of purified polysomes (step VI, 
Figure 2) were loaded onto 12 ml of 15 - 40 
percent continuous sucrose gradients containing 
60 itiM KCl, 50 mM Tris-HCl, pH 7.5 at 24° C, and 
4 mM MgCl2, and centrifuged at 180,000 xg^ax 
for 1.5 hr. Direction of sedimentation Is from 
right to left. The animals used were a 87-kg 
Jersey bull (calf), a 411-kg cross-breed steer 
(steer, 18 - 24 mo), and a 594-kg Charolais cow 
(cow, mature). A260/A280 and A260/A235 ratios 
of the polysomes were: 1.75 and 1.50 (calf); 
1.80 and 1.61 (steer, 18 - 24 mo); and 1.77 
and 1.60 (cow, mature), respectively. Seven 
(calf), 5.4 (steer, 18 - 24 mo), and 5.1 (cow, 
mature) OD26O units were layered onto gradients. 
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Table 31. Activity in cell-free protein synthesis systems 
of polysomes and cell-sap enzymes from longissimus 
dorsi muscle of bovine animals differing in age^ 
Source of 
Polysomes Calf 
With cell-sap enzymes rate-limiting^ 
Calf 47.8±0.8^ 
18 - 24 mo 53.9±0.8 
Mature 52.8i2.0 
Average 51.5Ï1.2 
With polysomes rate-limiting^ 
Calf 321 ±10® 
18 - 24 mo 346 ± 7 
Mature 308 122 
Average 325 tl3 
Composition of age groups was; calf, an 87-kg Jersey 
bull calf and a 145-kg Holstein bull calf; 18 - 24 mo, a 411-kg 
cross-breed steer and a 596-kg Charolais cross-breed heifer; 
mature, a 594-kg Charolais cow and a 681-kg Angus cow. 
^Amino acid incorporation was done with cell-sap enzymes 
rate-limiting; conditions were; 0.75 mg polysomal protein/ml, 
1.9 mg cell-sap enzyme protein/ml, 40 mM KCl, 50 mM Tris-HCl, 
pH 7.5 at 24°C, 4 mM MgCl2, 1 mM ATP, 0.2 mM GTP, 20 mM creatine 
phosphate, 20 yg creatine phosphokinase/ml, 6 mM 2-
mercaptoethanol, 0.03 mM of each of 20 amino acids, 2 fiCx 
L-(U-I4c)-leucine/ml, in 100 jul final volume. Incubation was 
at 37°C for 5 min. 
CMeans plus or minus standard errors of 6 determinations 
done on 2 different animals expressed as pmoles L-(U-14c)_ 
leucine incorporated/mg polysomal protein/5 min. 
^Amino acid incorporation was done with polysomes rate-
limiting; conditions were: . 10 fxg polysomal protein/ml, 4.0 mg 
cell-sap enzyme protein/ml, other additions as in footnote b, 
in 100 (iL final volume. Incubation was at 37°C for 60 min. 
0 Means plus or minus standard errors of 6 determinations 
done on 2 different animals expressed as pmoles L-(U-^^C)-
leucine incorporated/mg polysomal protein/60 min. 
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Table 31 (continued) 
Source of 
Polysomes Calf 
With polysomes rate-limiting^ J_ m «0 
Calf 274 ±13% 
18 - 24 mo 279 ± 5 
Mature 265 ± 0 
^Amino acid incorporation was done with polysomes rate-
limiting as in footnote c except incubation was for 5 min. 
^Means plus or minus standard errors of 3 determinations 
done on 1 animal expressed as pmoles L-(U-^^C)-leucine 
incorporated/mg polysomal protein/5 min. 
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Source of Cell-Sap Enzymes 
18 - 24 mo Mature Average 
235 ± 1 
268 ± 4 
245 ± 2 
239 ±15 
255 ± 0 
270 ±17 
249 ±13 
267 ± 4 
260 ± 8 
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age groups due to source of cell-sap enzymes when cell-sap 
enzymes were rate-limiting (Table 31). 
The source of polysomes, however, did affect the specific 
activity of the cell-sap enzymes in the amino acid incorpora­
tion assays. This effect is surprising because cell-sap 
enzymes were rate-limiting in these assays and differences 
in rate of amino acid incorporation should be due solely to 
differences in the cell-sap enzyme fraction. It was even 
more surprising that the rate of amino acid incorporation was 
consistently less in assays containing polysomes from calf 
muscle than in assays containing polysomes from muscle of 
18 to 24 month or mature animals (Table 31). This same 
situation occurred when the amino acid incorporation assay 
was done under conditions that polysomes were rate-limiting; 
polysomes isolated from calf muscle had less activity in the 
amino acid incorporation assay than polysomes isolated from 
muscle of 18 to 24 month animals and approximately the same 
activity as polysomes prepared from muscle of mature animals 
(Table 31). Doing the assays when polysomes are rate-limiting 
for only 5 min instead of the 60 min ordinarily used for this 
assay did not clarify the situation. Polysomes prepared 
from calf muscle had the lowest activity in the cell-free 
amino acid incorporation assay when the assay was done for 
only 5 min with polysomes rate-limiting (Table 31) . The source 
of the cell-sap enzymes also clearly influenced rate of 
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amino acid incorporation when polysomes were rate-limiting 
(Table 31). The results in Table 31 suggest that both cell-
sap enzymes and polysomes prepared from skeletal muscle of 
bovine animals differing in age differ from one another 
qualitatively in the sense that these fractions either 
contain enzymes involved in protein synthesis but not present 
in the corresponding fraction from a different age group or 
the corresponding enzymes in these fractions from different 
age groups have innate differences in their ability to 
catalyze protein synthesis. The data in Table 31 indicate 
that the situation is complex, and although cell-sap enzymes 
from young bovine animals seem more active in cell-free 
protein synthesis assays than cell-sap enzyme fractions from 
older animals, additional fractionation of this cell-sap 
enzyme fraction will be required to determine the cause of 
this increased activity. The data in Table 31, however, do 
resemble the data from from "double-muscled" and normal 
animals discussed in the preceding subsection in that source 
of the cell-sap enzymes has a much greater effect on rate of 
amino acid incorporation in cell-free protein synthesis assays 
than the source of polysomes does. Additional studies will be 
required to determine whether some component in cell-sap 
enzymes is responsible, in general, for limiting rate of 
muscle protein synthesis in domestic bovine animals. 
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CHAPTER V; DISCUSSION 
The goal of this study was to develop procedures necessary 
for preparing from mature^ mammalian muscle all the components 
needed for cell-free protein synthesis. These components 
could then be used to assay in a definitive way the effects of 
different treatments or physiological conditions on muscle 
protein synthesis. Numerous other attempts to prepare protein 
synthetic components from mature, mammalian muscle have 
encountered difficulties in obtaining these components in 
sufficient yield, in an active form, or in sufficient purity. 
Because it was intended in this study to approach the isolation 
of protein synthetic components from mature, mammalian muscle 
in a systematic and detailed way, efforts were limited to 
preparation of two general categories of protein synthesis 
components. These two categories were muscle polysomes, which 
should contain the muscle mRNA's and associated ribosomes with 
initiation factors, and a cell-sap enzyme fraction, which 
should contain the muscle tRNA's, muscle elongation and 
termination factors, and the enzymes needed to form aminoacyl-
tRNA's. 
Efficacy of the procedures used to prepare cell-sap 
enzymes was measured solely by determining ability of the 
cell-sap enzyme fraction obtained to support incorporation of 
amino acids into TCA-precipitable protein by muscle polysomes 
in a cell-free system. Efficacy of the procedures used to 
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prepare polysomes from mature, mammalian skeletal muscle was 
measured in several ways. Purity of the isolated polysomes 
was measured by using A260/A280 and A260/A235 ratios; 
A260/A280 ratios of 1.80 - 1.85 and A260/A235 ratios of 
1.50 - 1.55 were used as ratios of homogenous, purified 
polysomes. The structural integrity of isolated polysomes 
was determined by direct examination with the electron micro­
scope and by sucrose density gradient centrifugation. Sucrose 
density gradients of intact polysomes should reveal a prepon­
derance of large, rapidly sedimenting material and only a 
small proportion of 80S monosomes. Purity of polysomes was 
also measured by determining the glycogen content of polysomal 
preparations because it was discovered early during this study 
that glycogen was one of the principal contaminants of polysome 
preparations isolated from muscle by differential centrifuga­
tion. Finally, the biological activity of the isolated 
polysomes was determined by measuring ability of the polysomes 
to support incorporation of amino acids into TCA-precipitable 
protein in cell-free systems containing muscle cell-sap 
enzymes. 
' It was clear from the beginning of this study that mature, 
mammalian skeletal muscle has at least three unique character­
istics that hinder isolation of protein synthetic components 
from its cells. First, cells in mature, mammalian skeletal 
muscle contain proportionally less RNA than cells in most 
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other tissues, and losses due to adsorption on subcellular 
organelles will therefore be proportionately much more serious 
in skeletal muscle than in liver or similar cells. Second, 
cells in mature, mammalian skeletal muscle are more difficult 
to rupture than cells in many other tissues, and the severe 
homogenization necessary to rupture a satisfactorily large 
proportion of mammalian skeletal muscle cells also unavoidably 
shears some of the mRNA's in the cell. Third, mammalian 
muscle cells contain very large (about 50 - 60 percent of 
total cellular protein) amounts of contractile protein that 
is insoluble at the ionic strengths of 0.2 or less normally 
used to suspend ruptured cells during polysome preparation. 
Polysomes tend to adsorb to this insoluble contractile protein 
and are sedimented with it during initial centrifugation of 
the cell homogenate; hence, polysomes may be lost by being 
sedimented with cell debris. Ionic strength of the suspending 
solution cannot be raised to 1.0 or more where the contractile 
proteins are readily soluble because these ionic strengths 
tend to disrupt ribosomes. Hence, a compromise must be 
reached by selecting an ionic strength at which at least some 
of the contractile protein is soluble but which is not so high 
as to disrupt the ribosomes. During the studies described in 
this thesis, it was discovered that muscle tissue possesses yet 
a fourth property that hinders preparation of purified poly­
somes. Muscle cells share with liver cells the unique property 
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of containing glycogen, which has sedimentation characteris­
tics so similar to polysomes that it is co-purified with 
polysomes by all procedures that use differential centrifuga-
tion to obtain polysomes. Although the glycogen content of 
muscle and liver cells can be decreased by starving animals 
for several days before their sacrifice and preparation of 
polysomes, starvation also decreases the amount of protein 
synthesis and hence, the amount of polysomes in muscle cells 
at the same time that glycogen content is decreased (Migliorini 
and Manchester, 1971). It is evident, therefore, that when 
beginning a study to develop a procedure for preparing active 
protein synthetic components in sufficient yield from mature, 
mammalian skeletal muscle, initial attention must be directed 
at finding ways to deal effectively with these four innate 
properties of muscle cells that are going to hinder purifica­
tion of the protein synthesis components. 
The results of this study show that preparation of active 
cell-sap enzymes from mature, mammalian skeletal muscle cells 
presents no unusual difficulties beyond those encountered when 
preparing cell-sap enzymes from other mammalian tissues. The 
following items were investigated during a systematic effort 
to optimize conditions for preparation of active cell-sap 
enzymes in high yields from mature, mammalian skeletal muscle: 
(1) procedure used to initially rupture muscle cells; very 
fine dicing with a sharp knife was found preferable to passing 
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the muscle through a meat grinder, possibly because a meat 
grinder causes extensive rupture of lysosomes which may then 
release RNase enzymes; (2) type and extent of homogeniza-
tion of the minced muscle tissue; use of a Vir Tis homogenizer 
produced more active cell-sap fractions than use of a Lourdes 
homogenizer; (3) freezing and storing intact muscle tissue 
and then thawing and preparing cell-sap enzymes later when 
conditions might be more convenient resulted in 47 to 51 
percent less active cell-sap enzymes than if fresh, unfrozen 
muscle was used; (4) centrifugation of the 13,000 xg^ax ^ 
15 min supernatant at 226,000 xg^^^ for 90 min was sufficient 
to remove all ribosomes or endogenous polysomes from this 
fraction; extending this 226,000 xg^ax centrifugation for 
2+ 225 min produced no additional advantage; (5) optimal Mg 
and K concentrations of the buffer used for suspension of the 
ruptured muscle cells was 10 mM and 60 mM, respectively; 
(6) optimal pH of the buffer used for suspension of the rup­
tured muscle cells was 7.1; (7) amino acids and other non­
protein and nonnucleic acid substances could be removed from 
crude cell-sap enzyme fractions by either dialysis or gel 
permeation chromatography, but Sephadex G-10 chromatography 
produced a more active cell-sap enzyme fraction than Sephadex 
G-25 chromatography; Sephadex G-25 chromatography seemed to 
remove something from cell-sap enzyme fraction that added to 
the activity of these fractions; and (8) either dialyzed or 
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chromatogrammed cell-sap enzyme fractions could be stored for 
several months at -29°C with no loss of activity if they were 
made 50 percent (v/v) in glycerol before storage. 
Although biologically active cell-sap enzymes could be 
prepared in adequate yields from mature, mammalian skeletal 
muscle cells without unusual difficulty, preparation of pure 
and biologically active polysomes in sufficient yields from 
mammalian skeletal muscle cells proved to be a difficult 
problem. Much of the effort described in this thesis was 
directed at this problem. 
The following items were tested in a systematic investi­
gation attempting to optimize conditions for preparing active 
polysomes from mature, mammalian skeletal muscle cells: 
(1) procedure used to rupture muscle cells; as was found for 
preparation of cell-sap enzymes, very fine dicing of muscle 
strips with a sharp knife produced higher yields of muscle 
polysomes than passing these strips through a meat grinder, 
presumably because grinding ruptures large numbers of lysosomes 
and releases RNases; (2) suspension of ruptured muscle cells 
in homogenizing buffer; use of a Vir Tis homogenizer produced 
higher yields of polysomes than use of either a Lourdes 
homogenizer or nitrogen cavitation; (3) speed and time of 
homogenization when suspending ruptured muscle cells in 
homogenizing buffer; (4) freezing and storing intact muscle 
tissue and then thawing and preparing polysomes later when 
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conditions might be more convenient resulted in a yield of 
polysomes less than 10 percent of that ordinarily obtained; 
these polysomes had only 50 percent as much activity in cell-
free protein synthesis systems, but had the same purity and 
sucrose density gradient profiles as polysomes prepared 
immediately after death of the animal; (5) increasing the 
time between death of the animal and initiation of polysome 
preparation from 20 min to 120 min resulted in a slight 
increase in size of the 80S monsome peak in sucrose density 
gradient profiles of polysomes but had no detectable effect 
on purity or ability of these polysomes to incorporate amino 
acids into TCA-precipitable protein in cell-free protein 
synthesis systems; (6) ratio of minced muscle weight to volume 
of homogenization medium used to suspend the minced muscle 
had no effect on yield or purity of polysomes obtained when 
varied over a range of 1:2 to 1:9 (w/v); ratios of 1:2 weight 
of minced muscle to volume of homogenization medium were 
2+ + 
routinely used; (7) the optimum Mg and K concentrations in 
the homogenization medium were 10 mM and 250 mM respectively; 
the 250 mM provides a sufficiently high ionic strength to 
solubilize some of the contractile protein in mature, mammalian 
muscle cells without stripping initiation factors off 
ribosomes; (8) inclusion of 6 mM 2-mercaptoethanol in the 
homogenization medium increases activity of the polysomes 
obtained by 15 percent over activity of polysomes isolated with 
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homogenization buffer having no 2-mercaptoethanol; (9) optimal 
pH of the homogenizing buffer was 7.1, or 7.6 if this pH was 
lowered to 7.1 before (%-amylase treatment; this pH is somewhat 
lower than that usually reported as optimal for isolation of 
polysomes and is probably related to the pH optimum of 
oramylase which is 6.8; (10) inclusion of detergents such as 
deoxycholate, Triton X-100, or Lubrol WX in the homogenizing 
buffer had no beneficial effect on either yield or purity of 
muscle polysomes, and in some instances, actually decreased 
yield, purity, and biological activity of the isolated poly­
somes ; this result confirms earlier observations (Heywood 
et al., 1967; Galavazi, 1971; Nihei, 1971; Watts and Reid, 
1967) that most polysomes in skeletal muscle cells are not 
membrane bound; (11) endogenous RNase activity was very low 
in all fractions obtained during isolation of purified muscle 
polysomes, and addition of RNase inhibitors had no effect on 
final yield of polysomes; the final purified polysome prepara­
tion also had almost no endogenous RNase activity because it 
was degraded only very slightly during storage at 2° C; 
(12) it was necessary to sediment the microsomal fraction 
containing muscle polysomes through a sucrose layer to obtain 
purified polysomes; sucrose concentration of 2.0 or 1.8M 
in this sucrose layer resulted in purified polysomes, but 
sucrose concentrations of 1.0, 1.25, or 1.5M in this sucrose 
layer did not produce purified muscle polysomes; 
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(13) the polysomal pellet obtained by sedimentation through 
a 1.8 or 2.0M sucrose layer could be more easily resolubilized 
with less shearing and degradation if the suspending buffer 
2+ 2+ 
contained 4 mM Mg than if it contained 10 mM Mg ; 
(14) it was essential for preparation of purified polysomes to 
use ûramylase treatment to remove glycogen that co-sedimented 
with the polysomes regardless of the nature and speed of 
centrifugation used; a-amylase treatment was most effective 
when applied to resuspended microsomes because samples were 
relatively small at this stage and less (K-amylase was required, 
and because both polysomes and glycogen had been concentrated 
in this fraction and a-amylase digestion seemed more effective. 
Probably the two most important steps in the procedure 
finally developed in this study to prepare highly purified 
and biologically active polysomes from mature, mammalian 
skeletal muscle were the amylase treatment and the sedimenta­
tion of a microsomal fraction through a 2.0M sucrose layer. 
Interestingly, these two steps differ from those usually 
encountered in published procedures for isolation of purified 
polysomes from nonmuscle, mammalian tissue, and the require­
ment for these two steps distinguishes purification of poly­
somes from skeletal muscle cells from purification of polysomes 
from other mammalian tissues. The purpose and effect of the 
a-amylase treatment are clear. Glycogen consists of a group of 
heterogenous polymers having a range of sedimentation 
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coefficients that completely brackets the sedimentation 
coefficient of polysomes. Moreover, tlie density of glycogen 
is very close to the density of polysomes. Therefore, 
glycogen polymers and polysomes will be co-purified by all 
procedures that use velocity or density-gradient centrifuga-
tion. Indeed, the microsomal polysome pellet obtained in 
this study from bovine skeletal muscle homogenates contained 
approximately 95 percent of the total glycogen present in 
the original homogenate. Alpha-amylase treatment of this 
microsomal pellet after its resuspension resulted in sufficient 
hydrolysis that no glycogen was sedimented with the polysomes 
through the 2. OM sucrose layer in the next step in the poly­
some purification. Although tt-amylase treatment of skeletal 
muscle homogenates at earlier stages in the polysome purifica­
tion procedure seemed ineffective in removing glycogen, it 
seems likely that too little a-amylase was used when attempting 
to treat these larger volumes and that the very dilute 
solution of a-amylase resulted in incomplete digestion of 
glycogen under these conditions. This possibility was not 
tested in this study because cramylase digestion of the resus-
pended microsomal fraction produced glycogen-free muscle 
polysomes and because Ot-amylase treatment of the resuspended 
microsomal fraction would, at any rate, require the same or 
less cr*amylase than treatment at an earlier preparative stage. 
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Although the purpose and effect of (X-amylase treatment 
in preparation of purified muscle polysomes was obvious, 
the effect of sedimentation through a 2.CM sucrose layer was 
not as obvious. Most published procedures for isolation of 
polysomes from nonmuscle tissue include sedimentation through 
a sucrose layer, but the sucrose concentration in this layer 
rarely exceeds 1.25M in these other procedures. Measurements 
in this study showed that sedimentation through a 2.CM sucrose 
layer greatly improved the purity, activity to incorporate 
amino acids into TCA-precipitable protein, and sucrose density 
gradient profile of muscle polysomal preparations, but that 
sedimentation through a l.OM, a 1.25M. and a 1.5M sucrose layer 
caused little improvement in any of these properties. It is 
clear that this step did remove the maltose and isomaltose 
fragments produced by amylase digestion of the glycogen 
contaminating the microsomal fraction. These fragments, 
however, could have been removed simply by sedimenting the 
polysomes out of the (X-amylase digestion mixture. Such a 
simple sedimentation did not cause the same improvements in 
purity, incorporation activity, and density gradient profile 
as sedimentation through the 2.0M sucrose layer did. The 
resuspended microsomal fraction seems to contain little 
contaminating myosin, and it is unlikely that sedimentation 
through a 2.CM sucrose layer removed much myosin contamination 
from the resuspended microsomal fraction. It is probable that 
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some of the purification caused by sedimentation through a 
2.0M sucrose layer is due to removal of membrane fragments and 
intracellular proteins that contaminate the polysomes in the 
microsomal fraction, but extent of purification due to removal 
of contaminants like these was not determined in this study. 
Quantitative RNA analysis showed that only 16 to 18 percent of 
the total RNA loaded onto the 2.CM sucrose layer in this study 
was recovered in the polysomal pellet sedimented through this 
layer. RNA assay of the upper aqueous layer, the 2.CM sucrose 
cushion, and the polysomal pellet after centrifugation for 16 
hr at 105,000 xg^ax showed that 69 to 85 percent of the initial 
RNA placed in the tube could be recovered in these three 
fractions. The sucrose layer contained 41 to 66 percent of the 
initial RNA placed into the tube. Dilution of the sucrose 
followed by centrifugation showed that very little of this RNA 
was polysomal in nature. The presence of 80S monosomes in 
sucrose density gradient profiles of purified polysomes that 
had been sedimented through a 2.0M sucrose layer and other 
experimental results indicate that 80S monosomes are not 
removed by this treatment. Hence, it seems that 82 to 84 
percent of the RNA in the microsomal fraction has a sedimenta­
tion coefficient between the 48 tRNA, which is not sedimented 
in the microsomal pellet, and the 80S monosome, which is 
sedimented through the 2.0M sucrose layer. The nature of this 
intermediate-sized RNA is unknown. It may consist partly of 
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large mRNA species and partly of 40S and 60S ribosomal 
subunits formed by dissociation of 80S monosomes. 
It also is uncertain whether these 40S and 60S subunits, 
if indeed these subunits constitute part of the RNA not 
sedimented through the 2.0M sucrose layer, exist in the minced 
muscle tissue before homogenization or if these subunits are 
formed by the relatively vigorous homogenization required to 
disperse mammalian skeletal muscle tissue. It does seem 
likely that removal of 82 to 84 percent of the RNA in the 
resuspended microsomal fraction is responsible, at least in 
part, for the purification caused by sedimentation through a 
2.0M sucrose layer. Without knowing more about the nature of 
the RNA removed during this procedure, however, it is difficult 
to know how much of this purification is due to RNA removal 
or whether the RNA removed actually represents fragments 
formed during the polysomal purification procedure. 
Although the procedure described in this study produced 
highly purified muscle polysomes having appropriate density 
gradient profiles and ability to support amino acid incorpora­
tion into TCA-precipitable protein in cell-free protein 
synthesis systems, RNA analysis showed that only 2.2 to 3.2 
percent of total muscle RNA was obtained in the form of 
purified polysomes. This is a disappointingly low yield, 
especially when it is usually considered that 70 to 80 percent 
of total muscle RNA is ribosomal RNA and much of this 
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ribosomal RNA presumably should be in the form of polysomes 
in growing muscle cells that are synthesizing protein. The 
careful analysis done in this study of RNA losses at each step 
of the polysomal purification procedure leads to three general 
conclusions about attempts to increase the yield of polysomes 
obtainable from mature, mammalian skeletal muscles. First, 
large amounts of RNA, amounting to 25 to 35 percent of total 
muscle RNA, are unavoidably lost as tRNA during sedimentation 
of the microsomal fraction. Although 25 to 35 percent is 
higher than the proportion of total cellular RNA generally 
considered due to tRNA, this amount was consistently obtained 
in this study and is in agreement with muscle cell tRNA 
contents estimated with different procedures by other investi­
gators. Hence, it seems probable that skeletal muscle contains 
25 to 35 percent of its RNA as tRNA and a correspondingly 
lower amount, possibly on the order of only 50 to 65 percent 
of its total RNA, as ribosomal RNA. As a result, lower yields 
of polysomes would be expected from muscle tissue than from 
liver or similar tissues, even if polysomes were as easy to 
prepare from muscle tissue as from liver or other tissue. 
Second, as has already been discussed in the preceding 
paragraph, 11 to 15 percent of total muscle RNA is not sedi-
mented through a 2.0M sucrose layer and seems to be neither 
polysomal nor monosomal RNA. To the extent that this fraction 
of RNA represents some RNA species, such as mRNA's, existing 
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in the muscle cell before homogenization, loss of this 
fraction of RNA is also probably unavoidable. On the other 
hand, if part of this 11 to 15 percent of total muscle RNA 
is due to 40S and 60S ribosomal subunits formed as a result 
of the relatively vigorous homogenization required to disrupt 
skeletal muscle cells, some of the loss in this fraction 
might be avoided by adoption of gentler homogenization 
procedures for suspension of the minced muscle tissue. It 
seems unlikely, however, that it will be possible to obtain 
any substantial increase in polysomal yield from skeletal 
muscle simply by causing less disruption of monosomes into 
4OS and 60S subunits. 
Third, only 41 to 51 percent of total muscle RNA was 
extracted with the two extractions and homogenizations 
routinely used in this study. This failure to extract most 
of the RNA in muscle is clearly a major factor contributing 
to the low yields of polysomes in this study, and several 
efforts were made to increase the proportion of RNA extracted. 
Increasing the number of extractions beyond two or increasing 
homogenization times or speeds had little effect on amount 
of RNA extracted. Indeed, altering the homogenization 
conditions actually decreased the amount of RNA extracted. 
For example, increasing homogenization times or speeds beyond 
those established as optimal in this study caused the 
homogenate to form a gel due to severe disruption of the 
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myofibrils, and polysomes were impossible to sediment 
selectively from this gel. Although the second extraction 
increased final yield of purified polysomes by 33 percent, 
a third extraction solubilized an amount of RNA equal to 
only 0.4 percent of the total original muscle RNA. Because 
it seemed possible that part of the poor extractability of 
muscle RNA was due to adsorption of this RNA onto the contrac­
tile proteins and sedimentation with those proteins that 
remained insoluble even in the presence of 250 mM KCl in the 
homogenizing buffer, various attempts were made to modify 
the extraction buffer in a way that would promote dispersion 
of the contractile proteins. Addition of 5 mM EGTA to 
promote relaxation of myofibrils or of 5 mM or 20 mM pyrophos­
phate to promote solubilization of myosin had no effect on 
amount of RNA extracted. Moreover, neither inclusion of 
detergents in the homogenization medium nor alteration of 
sedimentation times and speeds used to centrifuge the extracts 
produced any increase in amount of RNA that could be extracted 
from minced skeletal muscle. Because all these efforts 
failed to increase the amount of RNA that could be extracted, 
further attempts along these lines were abandoned, and the 
experiments described in this study were done by using 
amounts of muscle large enough to produce the quantity of 
polysomes needed, even though yield of polysomes was very low. 
It would seem, however, that loss of 50 percent of total 
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muscle RNA because of poor extractability from the minced 
muscle should be at least partly avoidable, and future efforts 
to increase yields of polysomes obtainable from skeletal 
muscle might well focus on improving extractability of RNA 
from ruptured muscle cells. 
Although this study has developed a procedure that 
produces highly purified polysomes that support incorporation 
of amino acids into TCA-precipitable protein in cell-free 
protein synthesis systems, the nature of the proteins synthe­
sized by these polysomes remains unclear. Preliminary 
attempts at characterizing these proteins suggested that 
neither of the major contractile proteins of myosin and actin 
were being synthesized in large amounts by the cell-free 
muscle protein synthesis systems developed. This is somewhat 
surprising because myosin alone constitutes approximately 
25 to 30 percent and actin alone constitutes approximately 
7 to 11 percent of total protein in a mature, mammalian 
skeletal muscle cell. Furthermore, a large number of studies 
have shown that both myosin and actin turnover metabolically 
in mature, mammalian muscle cells. Consequently, these cells 
must be synthesizing appreciable quantities of actin and 
myosin. It is possible that the relatively vigorous homogeni-
zation conditions required to rupture skeletal muscle cells 
also sheared many of the very large myosin polysomes because 
these polysomes would be labile to shearing. The smaller 
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actin polysomes, however, should withstand the homogenization 
procedures used in this study as well as any polysome, and it 
remains unclear why appreciable amounts of actin synthesis 
were not detected in the cell-free muscle protein synthesis 
systems developed in this study. It was also surprising 
that, as measured by collagenase digestibility, 15 percent of 
the total protein synthesized in a cell-free system containing 
the muscle polysomes and cell-sap enzymes isolated in this 
study was collagen. Collagen makes up less than 5.0 percent 
of the total protein in mature, mammalian skeletal muscle 
(Herring et al., 1967) and collagen also turns over very slowly 
metabolically (Bailey and Robins, 1976). Moreover, the 
procollagen polypeptide is approximately 130,000 daltons 
(Kerwar, 19 74; Mueller et al., 19 71), so the mRNA for collagen 
should be large and reasonably labile to shearing. Hence, 
finding that 15 percent of the protein synthesized by cell-
free protein synthesis systems containing muscle polysomes 
is collagen either indicates that collagen has some as yet 
undiscovered metabolic precularities, or that our polysome 
isolation procedure selected for collagen polysomes, or that 
the collagenase used in the experiments described in this 
thesis was contaminated with small amounts of noncollagenase 
proteases. In the absence of additional evidence, the latter 
possibility seems the most likely. 
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Clearly, additional work is needed before definitive 
statements can be made about the nature of the polypeptides 
synthesized in cell-free systems containing the muscle 
polysomes and cell-sap enzymes prepared with the procedures 
developed in this study. It is clear, however, from the 
experiments done with inhibitors of polypeptide synthesis 
and from following the appearance of monosomes from poly-
somal preparations and the appearance and disappearance of 
radioactivity into sedimentable polysomes that the muscle 
cell-sap enzyme and muscle polysomal preparations made in 
this study supported incorporation of amino acids into TCA-
precipitable material. 
The conditions needed for optimal incorporation of 
amino acids into TCA-precipitable material in the cell-free 
systems containing muscle polysomes and muscle cell-sap 
enzymes were very similar to the conditions reported in the 
literature for optimum cell-free protein synthesis using 
components prepared from liver or other nonmuscle cells. 
Hence, muscle protein synthetic components do not differ 
markedly from protein synthetic components in other tissues 
in their requirements for a sulfhydryl reagent, Mg^^, 
GTP, ATP, pH, an ATP regenerating system, and amino acids. 
Several test showed that rate of acylation of tRNA and amount 
of aminoacyl-tRNA was never rate-limiting in the cell-free 
protein synthesis system containing muscle components. 
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One of the purposes in developing a cell-free protein 
synthesis system composed of components isolated from mature, 
mammalian skeletal muscle was to use this system to assay 
the effects of different treatments or physiological states on 
specific components of muscle protein synthesis. To do such 
assays, it was necessary to establish conditions under which 
the cell-sap enzyme fraction limited rate of incorporation of 
amino acids into TCA-precipitable material, and conditions 
under which polysomes limited rate of incorporation of amino 
acids into TCA-precipitable material. Without knowing these 
conditions, different cell-sap enzyme fractions might be 
assayed under conditions in which cell-sap enzymes were 
present in excess, and differing activators in these cell-sap 
enzyme fractions might therefore go undetected. The cell-sap 
enzyme fraction consists principally of acylated tRNA and 
enzymes. Thus, the concept of this fraction being rate-
limiting in a reaction measured by amount of amino acid 
incorporation per unit of time per unit of polysomal protein 
is straightforward. A faster rate of amino acid incorporation 
when cell-sap enzymes are rate-limiting means that the particu­
lar cell-sap enzyme fraction being assayed contains either 
more or more active protein synthesis enzymes than the fraction 
with which it is being compared. These enzymes would likely 
be either the elongation factors or the termination factors, 
or both, because rate of tRNA acylation never was 
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rate-limiting in the assays done in this study. 
Mechanistically, when the cell-sap enzyme fraction is rate-
limiting, enough polysomes exist to support a more rapid rate 
of amino acid incorporation, but this rate is slowed because 
insufficient cell-sap enzymes exist to catalyze movement of 
ribosomes along the mRNA strand as rapidly as possible. 
The concept of having polysomes rate-limiting is not as 
straightforward, especially if reaction rate is expressed as 
moles of amino acid incorporated per unit of polysomal protein 
per unit of time and if it is assumed that little or no 
reinitiation of ribosomes onto vacated mRNA strands occurs in 
the cell-free protein synthesis assays used in this study. 
Accepting these assumptions, a reaction done under conditions 
where polysomes are rate-limiting should measure the innate 
ability of ribosomes to catalyze peptide bond formation in 
the presence of saturating amounts of cell-sap enzymes. 
Mechanistically, when polysomes are rate-limiting, each 
individual ribosome is incorporating amino acids at the maximum 
rate at which it is intrinsically capable. In the absence of 
appreciable reinitiation, reaction rates done under conditions 
where polysomes are rate-limiting essentially measure the rate 
at which polysomes run off mRNA strands. If results of assays 
done under conditions where polysomes are rate-limiting were 
not expressed per unit of ribosomal protein, these assays 
would depend to a large extent on the number of ribosomes in 
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an assay. Expressing the results of these assays per unit 
of ribosomal protein, however, removes this dependence on 
number of ribosomes. Because reactions done under conditions 
where polysomes are rate-limiting measure rate of ribosome 
run-off, the precision of these assays may be increased by 
increasing reaction time to allow a sizable proportion of the 
ribosomes in the reaction to run-off their mRNA strand. 
Muscle cell-sap enzyme fractions prepared as described in this 
study were rate-limiting whenever the ratio of cell-sap 
enzyme protein to polysomal protein in the cell-free protein 
synthesis assays was 3.2 or lower. Muscle polysomal protein 
fractions prepared as described in this study were rate-
limiting whenever the ratio of cell-sap enzyme protein to 
polysomal protein in the cell-free protein synthesis assays 
was 400 or larger. 
The procedures developed in this study for preparation 
of purified muscle polysomes and of muscle cell-sap enzymes 
and for assay of these two preparations in cell-free systems 
were applied to two different groups of bovine animals to 
determine whether phenotypic differences in muscle content 
would be reflected in biochemical differences in ability of 
protein synthetic components to support amino acid incorpora­
tion into TCA-precipitable protein in cell-free systems. One 
group of bovine animals studied included four "double-muscled" 
bovine animals, two fed a high-energy ration and two fed a 
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low-energy ration, and four normal bovine animals, two fed 
the same high-energy ration as the "double-muscled", high-
energy animals and two fed the same low-energy ration as the 
"double-muscled", low-energy animals. The second group of 
bovine animals studied was composed of two animals in each 
of three different age groups: (1) a calf age group containing 
animals less than 3 months in age and whose muscle weight 
was increasing rapidly; (2) a steer age group containing 
animals 18 to 24 months in age and whose muscle weight was 
increasing slowly; and (3) a cow age group containing animals 
greater than 6 years in age and whose muscle weight was not 
increasing. In both groups of animals, ability of the cell-
sap enzyme fraction to support amino acid incorporation into 
TCA-precipitable protein in cell-free systems in which cell-
sap enzymes were rate-limiting varied significantly in direct 
proportion to phenotypic muscle growth. The ability of 
muscle polysomes to support amino acid incorporation into 
TCA-precipitable protein in cell-free systems in which poly­
somes were rate-limiting also varied in proportion to 
phenotypic muscle growth, but this variation was not as great, 
especially in the study involving different age groups. To 
the extent that these studies reflect the general situation 
in bovine muscle, it seems that cell-sap enzymes, possibly 
elongation factors, are more important in controlling rate of 
muscle protein synthesis in bovine animals than ribosomes are. 
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It should be added, however, that the ostensible lack of re­
initiation in the cell-free protein synthesis assays used in 
this study prevents any assay of relative activities of 
initiation factors from skeletal muscle cells of bovine animals 
differing in rate of muscle growth. Therefore, nothing can 
be concluded from the experiments described in this study 
about the relative importance of initiation factors in 
regulating rate of protein synthesis in bovine skeletal 
muscle. 
An interesting result obtained in these studies comparing 
activity of protein synthetic components isolated from bovine 
animals differing in rate of muscle growth was that, even 
when polysomes were rate-limiting and cell-sap enzymes were 
saturating, rate of amino acid incorporation into TCA-
precipitable material depended on the source of the cell-sap 
enzymes. Cell-sap enzymes from animals having a rapid rate 
of muscle growth supported a greater rate of amino acid 
incorporation into TCA-precipitable material, even when poly­
somes were rate-limiting. This result indicates that the 
greater activity of these cell-sap enzyme fractions was not 
due simply to a larger amount of some enzyme or enzymes (such 
as the elongation factors) in these cell-sap enzyme fractions 
but was also due, at least in part, to a qualitatively 
different enzyme composition that was intrinsically able to 
support amino acid incorporation at a greater rate. 
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The nature of this qualitative difference is completely 
unclear. There were also some indications in those assays 
where cell-sap enzymes were rate-limiting that rate of amino 
acid incorporation depended to some extent on the source of 
the polysomes used to saturate the system. This dependence 
on source of polysomes was not as large as the dependence 
on source of cell-sap enzymes used to saturate those reactions 
where polysomes were rate-limiting and also was not always 
statistically significant. The existence of this dependence 
on source of polysomes, however, suggests that muscle poly­
somes too may differ qualitatively in their ability to support 
rate of amino acid incorporation into TCA-precipitable 
material in cell-free protein synthesis systems. The idea 
that muscle cells in response to physiological demand may 
produce qualitatively different protein synthetic components 
having differing intrinsic abilities to incorporate amino 
acids into protein is an intriguing one and should receive 
additional attention. 
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CHAPTER VI: SUMMARY 
The studies described in this dissertation were designed 
to develop procedures for isolating from mature, mammalian 
skeletal muscle the components necessary for protein synthesis 
in cell-free protein synthesis systems. Most of the effort 
was required for development of adequate preparative 
procedures, and only two studies were done to determine whether 
activities of the protein synthesis components prepared by 
the procedures developed in this dissertation would vary in 
cell-free protein synthesis systems in a way that would 
reflect the physiological state of the animal from which the 
components were obtained. Because the extraction and 
purification of protein synthesis components from mature, 
mammalian skeletal muscle was approached in a detailed and 
systematic fasion, it was necessary to limit attention to 
preparation of only two relatively crude fractions of protein 
synthesis components: (1) a cell-sap enzyme fraction, which 
would contain the muscle tRNAs, the elongation and termination 
factors, and the enzymes needed to form the aminoacyl-tRNAs; 
and (2) a polysomal fraction, which would contain the muscle 
mRNAs and associated ribosomes with their initiation and 
transfer factors. Isolation of these two fractions in 
adequate yield and a highly biologically active form from 
mature, mammalian skeletal muscle cells should permit 
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purification of various individual enzymes or components 
from either of these two fractions by straightforward 
procedures. 
Mature, mammalian skeletal muscle has at least four 
properties that hinder preparation of protein synthetic 
components from its cells. (1) Mature, mammalian skeletal 
muscle cells contain relatively small amounts of the protein 
synthetic components relative to the amounts of other 
intracellular proteins present; (2) Cells from mature, 
mammalian skeletal muscle are much more difficult to rupture 
than most other mammalian cells, and the vigorous procedures 
necessary to rupture skeletal muscle cells can cause denatura-
tion of protein synthesis enzymes or shearing of mRNA strands; 
(3) Cells in mature, mammalian skeletal muscle contain 
approximately 50 to 60 percent of their intracellular protein 
as myofibrils. Myofibrils tend to adsorb RNA and also are 
insoluble at ionic strength below 0.3, which is higher than 
the ionic strength of most buffers generally used for extrac­
tion of RNA from cells. Raising the ionic strength of the 
extraction buffer to 0.5 or higher to solubilize myofibrils 
will strip some initiation factors off muscle ribosomes. 
Hence, ionic strength of buffers used for extraction of RNA 
from skeletal muscle cells must be adjusted carefully to 
promote some solubilization of the myofibrillar proteins 
without stripping initiation factors off muscle ribosomes. 
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Otherwisey much of the RNA in muscle will remain unextracted 
and will be sedimented with the cellular debris; (4) Cells 
in mature, mammalian skeletal muscle contain glycogen. 
Glycogen polymers are very heterogeneous in size and sediment 
with a range of sedimentation coefficients that completely 
bracket the sedimentation coefficient of muscle polysomes. 
Glycogen polymers also have a density very close to the 
density of polysomes. Hence, any procedure using differential 
or density-gradient centrifugation to purify muscle polysomes 
will co-purify glycogen. 
Efficacy of the procedures used to prepare muscle cell-
sap enzyme fractions was monitored solely by assaying ability 
of these fractions to support amino acid incorporation into 
TCA-precipitable material in cell-free protein synthesis 
systems containing muscle polysomes. Efficacy of the proce­
dures used to prepare muscle polysomes was monitored by using 
four different measurements: (1) purity of the polysomal 
fractions was estimated with A260/A280 and A260/A235 ratios; 
A260/A280 ratios of 1.80 to 1.85 and A260/A235 ratios of 
1.50 to 1.55 were used as ratios of purified polysomes; 
(2) structural integrity of the polysomal preparations was 
estimated by using sucrose density-gradient centrifugation 
and examining the sucrose density-gradient profiles for 
relative proportions of rapidly sedimenting polysomes and 80S 
monosomes; (3) biological activity of polysomal preparations 
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was measured by determining rate of amino acid incorporation 
into TCA-precipitable material in cell-free protein synthesis 
systems containing muscle cell-sap enzymes; (4) glycogen 
contamination of polysomal fractions was determined by 
chemical measurement of glycogen. 
Preparation of biologically active cell-sap enzyme 
fractions in adequate yield from mature, mammalian skeletal 
muscle cells presented no unusual difficulties beyond those 
encountered when preparing cell-sap enzymes from other 
mammalian tissues. The procedure that was finally developed 
consisted of the following steps. (1) Suspend diced muscle 
tissue in 2 volumes (v/w) of a 100 mM sucrose, 60 mM KCl, 
50 mM Tris-HCl, pH 7.1 at 24°C, 10 mM MgCl2, 6 mM 2-
mercaptoethanol solution by a 20-sec homogenization with a 
Vir Tis homogenizer at 15,000 rpm; (2) Centrifuge this suspen­
sion at 13,000 xg^ax 15 min; (3) Strain the supernatant 
through a double layer of cheesecloth and centrifuge at 226,000 
xgmax for 90 min; (4) Pass the supernatant, which is the crude 
cell-sap enzyme fraction, through a Sephadex G-10 gel 
permeation column (chromatogrammed cell-sap enzyme fraction) 
or dialyze against a 50 percent glycerol, 100 mM sucrose, 
60 mM KCl, 50 mM Tris-HCl, pH 7.1 at 24°C, 4 mM MgCl2, 6 mM 
2-inercaptoethanol solution (dialyzed cell-sap enzyme fraction) . 
The following variables were studied systematically and 
were optimized for preparation of a biologically active 
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cell-sap enzyme fraction from mammalian skeletal muscle. 
(1) Procedure used to rupture the muscle cells; very fine 
dicing with a sharp knife resulted in more active cell-sap 
enzyme fractions than passing the muscle through a meat 
grinder, possibly because a meat grinder causes extensive 
rupture of lysosomes which may then release RNase enzymes; 
(2) Type and extent of homogenization used to suspend the 
ruptured muscle cells; use of a Vir Tis homogenizer produced 
more active cell-sap enzyme fractions than use of Lourdes 
homogenizer; (3) Freezing and storing intact muscle tissue 
and then thawing and preparing a cell-sap enzyme fraction 
later when conditions might be more convenient resulted in 
a 47 to 51 percent less active cell-sap enzyme fraction than 
when preparing this fraction directly from fresh, unfrozen 
muscle; (4) Centrifugation of the 13,000 xg^ax ^ 15 min 
supernatant at 226,000 xg^ax 90 min was sufficient to 
remove all ribosomes or endogenous polysomes from this 
fraction. Extending this 226,000 xg^^ centrifugation to 
225 min produced no additional advantage; (5) Optimal 
2+ 
and Mg concentrations in the buffer used for suspension of 
the ruptured muscle cells were 60 mM and 10 mM, respectively; 
(6) Optimal pH in the buffer used for suspension of the rup­
tured muscle cells was 7.1; (7) Amino acids and other non­
protein and nonnucleic acid substances could be removed from 
crude cell-sap enzyme fractions by either dialysis or gel 
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permeation chromatography. Sephadex G-10 chromatography 
produced a more active cell-sap enzyme fraction,. Sephadex 
G-25 chromatography seemed to remove something from cell-sap 
enzyme fractions that contributed to the activity of these 
fractions; (8) Either dialyzed or chromatogrammed cell-sap 
enzyme fractions could be stored for several months at -29°C 
if they were made 50 percent in glycerol before storage. 
In contrast to preparation of cell-sap enzyme fractions, 
preparation of purified and biologically active polysomes in 
adequate yield from mature, mammalian skeletal muscle 
required at least three important changes in the procedures 
normally used to prepare purified polysomes from other 
nonmuscle, mammalian tissues. (1) It was essential to remove 
glycogen that co-isolated with muscle polysomes by hydrolyzing 
with (K-amylase at a relatively late step in the purification 
procedure; (2) It was necessary to use a 2.0M sucrose layer 
in the final purification of muscle polysomes by sedimentation 
through a sucrose layer. Most other polysome purification 
procedures use 1.0 to 1.5M sucrose layers in this final 
purification procedure; (3) The pH of the extracting buffer 
should be 7.1 for isolating muscle polysomes rather than the 
7.5 to 7.8 normally used for extraction of polysomes from 
other mammalian cells. This pH requirement is probably 
related to the pH 6.8 optimum of amylase because extraction 
with a pH 7.6 buffer followed by a decrease in pH 7.1 just 
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before (x-amylase digestion was equally as effective as use 
of a pH 7.1 buffer throughout the purification schedule. 
The procedure that was finally developed for preparation 
of purified polysomes from mature, mammalian skeletal muscle 
cells had the following steps. (1) Minced skeletal muscle was 
suspended in 2 volumes (v/w) of a 100 mM sucrose, 250 mM KCl, 
50 mM Tris-HCl, pH 7.1 at 24 C, 10 mM MgCl2, 6 mM 2-
mercaptoethanol solution by using two 15-sec bursts at 10,000 
rpm on a Vir Tis homogenizer; (2) The suspension was centri­
fuged at 13,000 xg^ax for 15 min, and the sediment was re-
extracted by suspending in the same buffer with one 20-sec 
burst at 10,000 rpm on a Vir Tis homogenizer. This second 
suspension was also centrifuged at 13,000 xgmax' and the 
supernatant combined with the supernatant from the first 
extraction; (3) The combined supernatants were strained 
through a double layer of cheesecloth and were centrifuged at 
150,000 xg^ax 90 min to produce a microsomal pellet; 
(4) The microsomal pellet was suspended in the same extraction 
buffer by using three strokes of a loose-fitting Bounce 
homogenizer, and 2.5 mg of purified («-amylase was added for 
every 100 g of original muscle used; (5) The <%-amylase 
reaction was continued for 60 min at 4° C, the suspension was 
centrifuged at 2000 xjjnax 10 min to remove large particles, 
and the supernatant was layered onto a 2.0M sucrose layer, 
with 15 ml of supernatant being layered onto 10 ml of 2.0M 
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sucrose, and these layers were centrifuged at 105,000 xg^^ax 
for 16 hr; (6) The pellet sedimented through the 2.CM sucrose 
layer was purified polysomes and was suspended by gentle 
agitation in a 60 mM KCl, 60 mM Tris-HCl, pH 7.5 at 24°C, 
4 mM MgCl2, 6 mM 2-mercaptoethanol buffer at 4°C. 
The following variables were studied systematically and 
were optimized for preparation of highly purified, structur­
ally intact, and biologically active polysomes from mature, 
mammalian skeletal muscle cells, (1) Procedure used to rupture 
muscle cells; as was found with preparation of cell-sap 
enzymes, very fine dicing of muscle strips with a sharp knife 
produced higher yields of polysomes than passing these strips 
through a meat grinder, possibly because grinding ruptures 
larger numbers of lysosomes and releases RNases; (2) Suspending 
minced muscle tissue in extraction buffer by using a Vir Tis 
homogenizer produced higher yields of polysomes than using 
either a Lourdes homogenizer or nitrogen cavitation; (3) Speed 
and time of homogenization used to suspend minced muscle cells 
in extraction buffer. Lower speeds or less time of homogeniza­
tion resulted in lower yields of polysomes, and higher speeds 
or longer times of homogenization resulted in formation of a 
gel from which it was very difficult to sediment polysomes 
selectively; (4) Freezing and storing intact muscle tissue 
and then thawing and preparing polysomes later when conditions 
might be more convenient decreased yield of polysomes to 10 
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percent and activity of these polysomes in a cell-free protein 
synthesis system to 50 percent of that ordinarily obtained 
but did not alter purity or sucrose density-gradient profiles; 
(5) Increasing the time between death of the animal and 
initiation of polysome preparation from 20 min to 120 min 
resulted in a slight increase in size of the 80S monosome 
peak in sucrose density-gradient profiles of polysomes but 
had no detectable effect on purity or ability of these poly­
somes to incorporate amino acids into TCA-precipitable 
material in cell-free protein synthesis systems; (6) Ratio 
of minced muscle weight to volume of homogenization solution 
used to suspend the minced muscle had no effect on yield or 
purity of polysomes obtained when varied over a range of 
+ 2+ 
1:2 to 1:9 (w/v) ; (7) The optimum K and Mg concentrations 
in the homogenization solution were 250 mM and 10 mM, respec­
tively; (8) Inclusion of 6 mM 2-mercaptoethanol in the homogeni­
zation solution increases activity of the polysomes obtained 
by 15 percent over activity of polysomes isolated in 
homogenization solution having no 2-mercaptoethanol when these 
polysomes are assayed in cell-free protein synthesis systems 
containing muscle cell-sap enzymes; (9) Optimum pH of the 
homogenizing buffer was 7.1. As indicated earlier in this 
section, this optimum pH is probably related to the optimum 
pH of a-amylase; (10) Inclusion of detergents such as 
deoxycholate, Triton X-100, or Lubrol WX in the homogenizing 
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buffer had no beneficial effect on yield or purity of the 
polysomes obtained and in some instances, actually decreased 
yield, purity, and biological activity of the isolated poly­
somes. Hence, most polysomes in skeletal muscle cells are 
not membrane-bound; (11) Endogenous RNase activity was very 
low in all fractions obtained during isolation of muscle 
polysomes, and addition of RNase inhibitors had no effect on 
final yield of polysomes. The final purified polysomal 
preparation also contained very little RNase contamination 
because it was degraded only very slowly during storage at 
2°C; (12) It was necessary to use a 2.0M sucrose layer in the 
final step of polysome purification. Sucrose concentrations 
of l.OM, 1.25M, or 1.5M in this layer did not produce 
purified polysomes; (13) The polysomal pellet obtained by 
sedimentation through a 2.0M sucrose layer could be much more 
easily solubilized with less degradation and shearing if the 
suspending buffer contained 4 mM MgCl2 than if it contained 
10 mM MgClg; (14) It was essential to use O-amylase treatment 
to remove glycogen that co-purified with muscle polysomes in 
order to obtain purified polysomal preparations. It was most 
efficient to do this amylase treatment on the resuspended 
microsomal fraction because volumes were smaller at this stage 
and less cramylase was required. Also, both polysomes and 
glycogen had been concentrated in this fraction, and Of-amylase 
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digestion at this stage was much more effective than 
Of-amylase digestion at an earlier stage, even if equal 
amounts of a-amylase were used. 
Quantitative RNA analysis showed that only 2.2 to 3.2 
percent of total muscle RNA was isolated as purified poly­
somes by the procedure developed in this study, even though 
it is generally considered that 70 to 80 percent of total 
cellular RNA is ribosomal RNA which should largely be isolated 
in the polysomal fraction. Careful RNA analysis of the 
different fractions obtained in this study led to three 
general conclusions about attempts to increase the yields of 
polysomes obtainable from mature, mammalian skeletal muscle. 
(1) Large amounts of RNA, amounting to 25 to 35 percent of 
total muscle RNA are lost as tRNA during sedimentation of the 
microsomal fraction. Although 25 to 35 percent is higher 
than the proportion of total cellular RNA generally considered 
due to tRNA, this amount was consistently obtained in this 
study and is in agreement with muscle tRNA contents estimated 
with different procedures by other investigators. Hence, 
skeletal muscle cells evidently contain 25 to 35 percent of 
their total RNA as tRNA and a correspondingly lower amount, 
possibly only 50 to 65 percent of total RNA, as ribosomal 
RNA. "Loss" of this 25 to 35 percent of total muscle RNA 
during polysome preparation, therefore, is unavoidable; 
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(2) Approximately 11 to 15 percent of total muscle RNA is 
not sedimented through the 2.OM sucrose layer used in the 
final step during purification of muscle ribosomes. The 
nature of this RNA is unclear. Tests showed that 80S mono-
somes sedimented almost completely through the 2.OM sucrose 
layer under the conditions used in this study. Hence, this 11 
to 15 percent of total muscle RNA must have sedimentation 
coefficients between the 4S tRNA, which is not sedimented 
in the microsomal pellet, arid the 80S monosomes, which are 
sedimented through the 2.0M sucrose layer. This RNA may 
consist of some large mRNA species having sedimentation 
coefficients above 4S or some 40S and 60S ribosomal subunits 
or both. To the extent that this fraction consists of large 
mRNA species or of 40S and 60S ribosomal subunits existing 
in the skeletal muscle cell before homogenization, this loss 
of RNA is also unavoidable. It is possible that a small 
number of 4OS and 60S ribosomal subunits are formed as a 
result of the relatively vigorous homogenization required to 
suspend skeletal muscle tissue and that a small part of this 
loss of RNA could therefore be prevented by discovery of 
gentler ways to homogenize skeletal muscle; (3) Only 42 to 
51 percent of total muscle RNA is extracted with the two 
extractions and homogenizations used in the procedure 
developed in this study. This failure to extract more than 
51 percent of the RNA in muscle cells clearly is a major 
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factor contributing to the low yield of polysomes obtained 
in this study. Despite several efforts, no procedure was 
found to increase the amount of RNA extracted. Although the 
second extraction used in the procedure developed in this 
study increased the final yield of polysomes by 33 percent, 
a third extraction solubilized only 0.4 percent of total 
muscle RNA. Addition of EGTA or pyrophosphate to the 
extracting buffer in an effort to promote relaxation of the 
myofibrils or solubilization of myosin had no effect on amount 
of RNA extracted. Loss of 50 percent of total muscle RNA 
due to poor extractability should be at least partly avoidable, 
and future efforts to increase the yields of polysomes 
obtainable from mature mammalian skeletal muscle should focus 
on improving extractability of RNA from ruptured muscle cells. 
The conditions required for optimum incorporation of 
amino acids into TCA-precipitable material in cell-free 
protein synthesis systems containing muscle polysomes and 
muscle cell-sap enzymes were very similar to the conditions 
reported in the literature for optimum cell-free protein 
synthesis in systems composed of components from liver or 
other nonmuscle tissues. Hence, muscle cell protein synthetic 
components do not differ markedly from their counterparts in 
other tissues in requirement for ATP (1 mM), GTP (0.2 mM) , 
creatine phosphokinase (20 jug/ml) , creatine phosphate (20 mM) , 
2+ 
a sulfhydryl reagent (6 mM 2-mercaptoethanol), Mg (4 mM) , 
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pH (pH 7.4), K^, and amino acids. Several tests showed that 
rate of acylation of tRNA and amount of aminoacyl-tRNA was 
never rate-limiting in the muscle cell-free protein synthesis 
systems developed in this study. To enable assay of the 
effects of different treatments or physiological conditions 
on specific components of the protein synthetic system, 
the conditions in the cell-free protein synthesis assay under 
which the cell-sap enzyme fraction was rate-limiting and the 
conditions under which polysomes were rate-limiting were 
carefully defined. When the cell-sap enzyme fraction is rate-
limiting, enough polysomes exist to support a more rapid rate 
of amino acid incorporation, but this rate is slowed because 
insufficient cell-sap enzymes exist to catalyze movement of 
ribosomes along the mRNA strand as rapidly as possible. The 
condition of cell-sap enzymes being rate-limiting is used for 
assay of activity of the cell-sap enzyme fraction. Because 
rate of acylation of tRNA and amount of aminoacyl-tRNA was 
never rate-limiting in the cell-free protein synthesis assays 
used in this study, assay of activity of the cell-sap enzyme 
fraction was essentially an assay of the activity of elonga­
tion, termination, and other factors that exist in this frac­
tion. When polysomes are rate-limiting, each individual poly­
some is incorporating amino acids at the maximum rate at 
which it is intrinsically capable. Because there was very 
little reinitiation of ribosomes onto vacant mRNA strands in 
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the cell-free protein synthesis system used in this disserta­
tion and because rate of amino acid incorporation was expressed 
per unit of polysomal protein, assays done under conditions 
at which polysomes are rate-limiting essentially measure the 
rate at which ribosomes run off mRNA strands. These conditions 
are used for assay of relative activities of polysomal 
fractions. Cell-sap enzymes were rate-limiting in the cell-
free protein synthesis systems developed in this dissertation 
whenever the weight ratio of cell-sap enzyme protein to poly­
somal protein was 3.2 or lower. Polysomes were rate-limiting 
whenever the weight ratio of cell-sap enzyme protein to poly­
somal protein was 400 or higher. 
Several preliminary attempts were made at characterizing 
the type of polypeptide chains that were synthesized in the 
muscle cell-free protein synthesis system developed in this 
study. The polypeptides synthesized in the cell-free system 
were separated on SDS-polyacrylamide gels and were detected 
by measuring radioactivity in 1 mm slices of these gels. 
Despite doing these assays under several different conditions 
and treating the synthesized polypeptides in a way that would 
favor isolation of newly synthesized myosin and actin polypep­
tides, no evidence was found that myosin and actin polypeptides 
were being synthesized in sizable amounts in the cell-free, 
muscle protein synthesis systems developed in this study. 
It is possible that these polypeptides are being synthesized 
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in quantities too low to be easily detected by the assays 
used in this study or that the relatively vigorous homogeniza-
tion conditions required for suspension of the ruptured muscle 
cells sheared many of the myosin polysomes because these 
polysomes would be large and therefore very labile to shearing. 
Based on the amount of newly synthesized polypeptides that 
were hydrolyzed by collagenase, approximately 15 percent of 
the polypeptides synthesized in the cell-free muscle protein 
synthesis system developed in this study were collagen 
peptides. This amount seems high because collagen makes up 
less than 5 percent of the total protein in mature, mammalian 
skeletal muscle. It is possible that the collagenase used 
was contaminated with noncollagenase proteases that hydrolyzed 
some noncollagen polypeptides. 
The procedures developed in this study were used to 
isolate polysomes and cell-sap enzyme fractions from skeletal 
muscles of two groups of bovine animals to determine whether 
phenotypic differences in muscling would be reflected by 
differences in activities of muscle polysomes or muscle cell-
sap enzymes in a cell-free protein synthesis system. One 
group of bovine animals included four "double-muscled" animals, 
two fed a high-energy ration and two fed a low-energy ration, 
and four normal animals, two fed the same high-energy ration 
as the "double-muscled", high-energy animals and two fed the 
same low-energy ration as the "double-muscled", low-energy 
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animals. The second group of bovine animals was composed of 
two animals in each of three different age groups: (1) a 
calf age group containing animals less than 3 months in age 
and whose muscle weight was increasing rapidly; (2) a steer 
age group containing animals 18 to 24 months in age and whose 
muscle weight was not increasing; and (3) a cow age group 
containing animals older than 6 years in age and whose muscle 
weight was not increasing. In both groups of animals, ability 
of the cell-sap enzyme fraction to support incorporation of 
amino acids into TCA-precipitable material in assays where 
cell-sap enzymes were rate-limiting varied significantly in 
direct proportion to phenotypic muscle growth. The ability of 
muscle polysomes to support incorporation of amino acids 
into TCA-precipitable material in assays where polysomes were 
rate-limiting also varied in proportion to phenotypic muscle 
growth, but the variation was not as large as it was for the 
cell-sap enzyme fraction, especially in the study involving 
different age groups. To the extent that these studies 
reflect the general situation in bovine muscle, it seems that 
cell-sap enzymes, possibly elongation factors, are more 
important in controlling rate of muscle protein synthesis 
in bovine animals than ribosomes are. Because little or no 
reinitiation of ribosomes onto vacant mRNA strands occurred in 
the cell-free protein synthesis assays developed in this 
study, however, these studies could not determine the relative 
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importance of initiation factors in regulating rate of muscle 
protein synthesis in bovine skeletal muscle. 
It was noticed during assays of polysomes and cell-sap 
enzyme fractions from these two groups of animals that, even 
when polysomes were rate-limiting and cell-sap enzymes were 
saturating, rate of amino acid incorporation into TCA-precipi-
table material depended partly on the source of the cell-sap 
enzyme fraction. A similar observation was made when cell-
sap enzymes were rate-limiting and polysomes were saturating. 
The rate of amino acid incorporation into TCA-precipitable 
material depended partly on the source of polysomes in these 
experiments, although this dependence was not nearly as large 
for polysomes as it was for cell-sap enzymes. These observa­
tions suggest that cell-sap enzymes and polysomes from animals 
differing in rate of phenotypic muscle growth may differ 
qualitatively in their ability to catalyze protein synthesis 
as well as quantitatively in the amount of protein synthesizing 
factors that they contain. 
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CHAPTER VII: CONCLUSIONS 
As a result of the studies described in this dissertation, 
the following conclusions are warranted. 
(1) A cell-sap enzyme fraction capable of supporting 
amino acid incorporation into TCA-precipitable material in 
cell-free protein synthesis systems can be prepared from 
mature,mammalian skeletal muscle by relatively straightforward 
extension of the procedures used to prepare such cell-sap 
enzyme fractions from other nonmuscle, mammalian tissues such 
as liver. 
(2) Preparation of purified, structurally intact, and 
biologically active polysomes in adequate yield from mature, 
mammalian skeletal muscle requires three important changes in 
the procedures normally used to prepare polysomes from other 
nonmuscle, mammalian tissues. (a) It is essential to remove 
glycogen that co-purifies with muscle polysomes by hydrolyzing 
it with 0!-amylase at a relatively late step in the purifica­
tion procedure; (b) It is necessary to use a 2.CM sucrose 
concentration in the final purification of muscle polysomes by 
sedimentation through a 2.0M sucrose layer. Procedures for 
purifying polysomes from nonmuscle tissues use 1.0 to 1.5M 
sucrose concentrations in this layer, but these concentrations 
of sucrose are ineffective for purifying muscle polysomes; 
(c) The pH of the extracting buffer should be 7.1 for 
isolating muscle polysomes rather than the 7.4 to 7.8 normally 
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used for extraction of polysomes from other mammalian cells. 
This pH requirement is probably related to the pH 6.8 optimum 
for cr amylase because extraction with a pH 7.6 buffer followed 
by a decrease in pH to 7.1 just before amylase digestion 
was equally effective as use of pH 7.1 buffer throughout the 
purification process. By attention to these three changes, 
polysomes capable of supporting amino acid incorporation 
into TCA-precipitable material in cell-free protein synthesis 
systems, having A260/A280 ratios of 1.80 to 1.85 and A260/A235 
ratios of 1.50 to 1.55, and having sucrose density-gradient 
profiles exhibiting a high proportion of rapidly sedimenting 
polysomal material can be prepared from mature, mammalian 
skeletal muscle cells by straightforward extensions of the 
procedures used to prepare polysomes from nonmuscle tissues. 
(3) Most polysomes in mature, mammalian skeletal muscle 
are not attached to membranes, and it is unnecessary to add 
detergents to extraction buffers when preparing muscle 
polysomes. 
(4) Endogenous RNase activity is very low in mature, 
mammalian skeletal muscle cells, and it is unnecessary to add 
RNase inhibitors to the extraction buffer when preparing 
muscle polysomes. Purified muscle polysomes also contain 
very little endogenous RNase activity and are relatively 
stable during storage at 2°C for 20 hr. 
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(5) Neither fully active cell-sap enzymes nor fully 
active polysomes can be prepared from frozen muscle. Cell-
sap enzymes can be stored at -29°C for several months with no 
loss in activity if they are made 50 percent in glycerol 
before storage. Purified muscle polysomal pellets can also 
be stored at -29°C for several months with no loss in 
activity, but no procedure was found for storing muscle 
polysomes in suspension without large losses of activity. 
(6) Only 2.2 to 3.2 percent of total muscle RNA is 
isolated as purified polysomes by the procedure developed in 
this study. Approximately 25 to 35 percent of total muscle 
RNA is tRNA and approximately 11 to 15 percent of total 
muscle RNA is not sedimented through the 2.0M sucrose layer 
during the final step in polysome purification. This 11 to 
15 percent of total muscle RNA has sedimentation coefficients 
between the 4S tRNA, which is not sedimented in the microsomal 
pellet, and the 80S mammalian monosome, which is completely 
sedimented through the 2.0M sucrose layer. This 11 to 15 
percent of total muscle RNA may consist of some large mRNA 
species having sedimentation coefficients above 4S and some 
40S and 60S ribosomal subunits. The major loss of RNA during 
polysome preparation from mature, mammalian skeletal muscle is 
failure to extract 49 to 59 percent of the total muscle RNA 
from the ruptured muscle cells. Despite considerable effort, 
no procedure was found that would increase the amount of RNA 
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that could be extracted from ruptured mature, mammalian 
skeletal muscle cells. Future attempts to increase yield of 
purified polysomes that can be obtained from mature, mammalian 
skeletal muscle should focus on efforts to extract more of 
the total RNA from the ruptured cells. 
(7) The conditions required for maximal rate of amino 
acid incorporation into TCA-precipitable material in cell-
free protein synthesis systems composed of muscle polysomes 
and muscle cell-sap enzyme fractions are very similar to 
the conditions required for maximal rate of amino acid 
incorporation into TCA-precipitable material in cell-free 
protein synthesis systems composed of polysomes and cell-sap 
enzymes from nonmuscle tissues. Hence, muscle polysomes 
and muscle cell-sap enzymes do not differ qualitatively 
from their counterparts in other tissues in their requirements 
for biological activity. 
(8) Rate of acylation of tRNA and availability of 
aminoacyl-tRNA was never a rate-limiting factor in the muscle 
cell-free protein synthesis systems developed in this study. 
(9) Inhibitors of protein synthesis in cell-free protein 
synthesis systems conposed of eukaryotic cell components caused 
rate of amino acid incorporation in the muscle cell-free 
protein synthesis systems developed in this study to decrease 
to 0.6 to 16 percent of the rate of incorporation in the 
control muscle cell-free protein synthesis systems. 
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Hence, muscle protein synthesis components are inhibited by 
some of the same substances that inhibit protein synthesis 
components from other eukaryotic cells. The compounds tested 
in this study were cycloheximide, puromycin, and ribonuclease. 
Substances such as chloramphenical, which inhibit prokaryotic 
protein synthesis but not eukaryotic protein synthesis, and NaF 
and aurin tricarboxylic acid, which inhibit initiation of 
ribosomes on the new mRNA strands, decrease rate of amino acid 
incorporation by muscle cell-free protein synthesis systems 
only slightly from 14 to 30 percent. 
(10) Cell-sap enzymes were rate-limiting in the muscle 
cell-free protein synthesis systems developed in this study 
when the weight ratio of cell-sap enzyme protein to polysomal 
protein was 3.2 or less. Polysomes were rate-limiting in the 
muscle cell-free protein synthesis systems when the weight 
ratio of cell-sap enzyme protein to polysomal protein was 400 
or higher. These conditions were used to assay for relative 
activities of cell-sap enzyme fractions and polysomal frac­
tions, respectively. 
(11) Neither the large polypeptide chain of myosin nor the 
actin polypeptide chain was detectable among the polypeptide 
chains synthesized by the muscle cell-free protein synthesis 
system developed in this study. Myosin and actin may turn over 
so slowly in mature, mammalian skeletal muscle that very little 
of either of these polypeptides are synthesized, or the 
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relatively vigorous homogenization required to suspend rup­
tured mammalian skeletal muscle cells may have sheared the 
large myosin polysome, which would be labile to such shearing 
because of its size. Approximately 15 percent of the polypep­
tides synthesized in the muscle cell-free protein synthesis 
systems was collagen, as determined by collagenase digestion. 
This relatively high amount of collagen synthesis may be due 
to some noncollagenase protease contamination of the collagen­
ase preparations used in this study. Additional studies are 
required before definitive statements can be made about the 
nature of the polypeptides synthesized by the muscle cell-
free protein synthesis systems developed in this study. 
(12) Rate of incorporation of amino acids into TCA-
precipitable protein by the muscle cell-free protein synthesis 
system developed in this study was directly proportional to 
phenotypic rate of muscle growth in two different groups of 
animals. Hence, activity of the muscle protein synthesis 
components prepared by the procedures developed in this study 
reflect rate of muscle growth in the living animal. Variations 
in activity of cell-sap enzyme fractions isolated from 
animals differing in rate of skeletal muscle growth were 
larger than variations in activity of polysomes isolated 
from the same animals. Hence, elongation factors may be very 
important in regulating rate of muscle protein synthesis in 
bovine animals. Cell-sap enzyme fractions and, to a lesser 
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extent, polysomes isolated from animals differing in skeletal 
muscle growth rate seemed to differ qualitatively in their 
ability to support cell-free protein synthesis. Cell-sap 
enzymes from animals with a more rapid rate of muscle growth 
supported a more rapid rate of cell-free protein synthesis 
even under conditions where cell-sap enzymes were saturating 
the protein synthesis system. 
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